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COMPUTER-AIDED ANALYSIS OF DISSIPATION LOSSES IN ISOLATED AND
COUPLED TRANSMISSION LINES FOR MICROWAVE AND MILLIMETER-
WAVE INTEGRATED-CIRCUIT APPLICATIONS

INTRODUCTION

There is considerable interest in investigating and exploiting new transmission lines
for use in integrated circuits operating at higher microwave and millimeter-wave frequen-
cies. This interest has been spurred by the success in reducing circuit cost, size, and weight
through the application of microstrip at lower to intermediate microwave frequencies. Un-
fortunately microstrip is discouragingly lossy and more difficult to fabricate at higher
microwave and millimeter-wave frequencies. These considerations have prompted the search
for transmission lines that are amenable to integrated-circuit fabrication methods (thin film
and photolithographic technology) and that have better loss characteristics than microstrip.

To facilitate the investigalion of transmission lines which offer potential for improve-
ments over microstrip at the {requencies of interest, a flexible computer-aided analysis of
transmission-line losses has been implemented. This analysis is suitable for application to
a wide variety of transmission lines. This report is a description of the implementation of
that analysis as it applies to both isolated and coupled transmission lines, where losses due
to both conductor and dielectric dissipation are taken into account. Various exzaples of
loss evaluations using the analysis are presented for both isolated and coupled teansmission
lines of interest. For the examples of isolated microstrip and coplanar waveguide [1] cal-
culated loss characteristics are compared to experimentally determined loss parameters,
thereby enabling an assessment of the accuracy of the analysis. These examples are fol-
lowed by a presentation of computed loss characteristics for inverted microstrip [2] and
trapped inverted microstrip. Also presented are evaluations of loss parameters for edge-
coupled microstrip with a dielectric overlay. Calculated and experimentally determined
loss characlerislics are compared. Explanations ave given for the use of computer programs
listed in Appendixes A through E which are useful for computing loss coefficients due to
conductor and dielectric dissipation for microstrip, coplanar waveguide, inverted microstrip,
trapped inverted microstrip, and edge-coupled microstrip with a dielectric overlay.

FORMULATION OF ANALYSIS FOR
EVALUATION OF LOSSES

The following analysis of conductor-loss and dielectric-loss characteristics for isolated
and coupled uniform transmission lines is consistent with the quasi-TEM models described
in Refs. 3 and 4. For isolated transmission lines the direction of propagation is taken to
be along the z direction. Consistent with the quasi-TEM model and the transmission-line
wave-approach described in Ref. 5, the 2z dependence for voltage and current along the
transmission line is accounted for by a factor e~7#, where

Manuseript submitted March 22, 1976.
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¥ =0t jB, (1)

in which « is the attenuation constant due to conductor and dielectric losses and § is the
phase constant. Following the development set forth in Ref. 5, the attenuation constant
« is given by

o=, (2)

where I_’d is the time-averaged power dissipated per unit length and l-’,- is the time-averaged
power flow along the line.

In the following subsection explicit expressions are developed for the quantities l3d
and Pr. It is these expressions which were used to provide the results presented in the
third section after appropriate incorporation within the computer programs, described in
the fifth section and listed in Appendixes A through E.

Isolated Transmission Lines

To obtain a useful expression for Pf in Eq. (2), the following treatment is employed.
By virtue of Eq. (1) a +2-traveling wave on the transmission line is of the form

V= Vyerloti)z, [ = -Z— . 3)
0
The complex power flow is given oy
|2
Py = VI* = ez )

2
*
ZO

where I* and Z¥ are the conjugates of I and the characteristic impedance respectively.
Then I} is given by

VAR
e-2az (5)

I3f = (Re Zy) 5
12,
As is shown in Appendix F, for the type of transmission lines considered here, Re Z,

and 1Z,l are nearly equal to_(Zg);, the characteristic impedance of the lossless line. By
virtue of this consideration Py can be expressed as

- 2
B = 1y 1" vCe-20z (6)

v here v is the phase velocity and C is the electrostatic capacitance per unit length.

[P
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In the next two subsections of this report explicit expressions are developed for eval-
uating isolated-transmission-line conductor-loss and dielectric-loss coefficients &, and ¢y,
respectively. The total-loss coefficient « is obtained from these by summing &, and ay.

<

"

Conductor Losses

| To obtain an expression which is useful for evaluating Fd in Eq. (2) for losses due to
imperfect conductors, the approximation described in Ref. 6 is employed. F; can be ex-
pressed approximately by

By, ~ f \H,y 2R dg, (7)

conductor
surfaces

where the additional subscript ¢ on Pd,c denotes power losses due to imperfect conductors,
|H012 is the amplitude squared of the magnetic field at conducting surfaces for the loss-
less case, and R is the surface resistance of the metals in the system. ¥For good conductors

R can be written as
- TTfI}o
R l/ - (8)

where f is the frequency of the propagating wave, y is the free-space permeability, and
o is the conductor’s dc conductivity.

Consislent with the quasi-TEM-propagation assumption for transmission ‘media in-
homogeneously filled with dielectric,

1
Hyx —— X E 9
0% R 27 70 @)

where 7 15 the effective intrinsic impedance, u, is the unit vector in the z direction, and
Eq is the electric field for the lossless case at points just outside the conductor surfaces.
By virtue of Eq. (9)

2
12 \Eg | €eff

A ee— 2

5, 12

12, 1°, (10)

Netr Mo

where € is the effective permittivity, determined as described in Ref. 8. Using the xesuits
of Eqs. (10) and (8) in Eq. (7), Py , can be written ac

. —  Eepr o /TTHg
Pd,c ~ -;1-—- '—-—0 IEOP dae: (11)
0 conductor
surfaces
3
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In the lossless TEM solutions described in Refs. 3 and 4, the electric field at a point
along the surface of a perfect conductor is given by

Ey = 2rq, (12)

where q is the equivalent charge density residing at the conductor surface (sum of free
and polarization charge densities). In Ref. 3 the free-charge-density distribution along
the surface of the N;th conductor, in a system having N, conductor surfaces, is approxi-
mated by a pulse expansion as

(Ng),

N; N;
7o , =

= ¥ piy N7 L s M 13)

lﬂ

N

q

This representation arises by subdividing the contour defined by the surface of the Njth
conductor into (Ng); segents. Along the ith segment the freecharge-density distribution
is taken to be c¢onstant at the value ;7. P(i) is a pulse function defined by

Nitnd™ 1 on the ith section of NJ (14a)
PNji(i) .
= 0 on all other sections of N;. (14b)

Then Fy , in Eq. (11) can be rewritten, using Egs. (12) and (13),

N, (N,)
- P _ 47T2€eff 7|'fl~10 £ / N)2 Nj
ac ™~ —— V5 (@) a2, (15)
j=1 i=1

N;
where AZ; 7 js the length of the ith segment on the Njth conductor.

Finally the loss coefficient due to conductor losses «, can be written using Egs. (15),
(6), and (2) as

dm2eq .‘/wfpo
Mo o N. (N
o, ~

T alpluce z

ji=1 i=1

)i 2
(qfvf) AQ?” (neper/unit length) . (16)

{

It is the expression given in Eq. (16) which is embodied in the computer programs de-
scribed later in this report. This expression has been used to provide the design informa-
tion for convuctor losses presented later in the report. To obtain the coefficients ¢, (in
dB per unit length) the following relationship is provided for completeness
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¢, (dB/ unit length) = o, (neper/unit, length). an

20
n 10
Dielectric Losses

. To obtain an expression which is useful for evaluating I-’;, in Eq. (2) for losses due to
imperfect dielectrics, this quantity is initially written as

; Bg-= z f we" IEF ds, (18)

i=1 4

where the second subscnpt d on Pd d denotes that the dissipation losses are due to im-
* perfect dielectrics, N is the number of imperfect dielectric regions in which the ith re-
' gion has a complex permittivity given by

&=6 -je", (19)

4A; represents the transmission-line cross-sectional area spanned by the ith simply-connected
homogeneous lossy dielectric region. Equation (18) can be rewritten as

ND
Fd.d = z f 2w(tan §;) Wyi» (20)
i=1 A4
where
e’
tan 8; =— (21)
€

and the time-averaged energy stored in the electric field in the ith dielectric region is
given by

W, = (1/2) f ¢ EI ds. (22)
A

In Appendlx G details are presented of a development which shows that the time average of the
total energy stored in the electric field per unit length of transmission line We ; is related to W,; by

- oW,
W; =

(23)

&
P ag
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Fe The development in Appendix G provides a general result for transmission structures with
i many conductors and dielectrics over the cross section, but for isolated lines and coupled
lines treated by an even- and odd-mode two-port interpretation W, can be expressed as

% = 2ceve, (24)

where C is the electrostatic capacitance of the transmission line in the two-port configura-
tion (isolated and even- or odd-mode line) and V is the voltage associated with a +z-
traveling wave on the line,

To facilitate the evaluation of a dielectric-loss coefficient in terms of readily comput-
able parameters, use is made of the definition of effective relative permittivity; hence

C
Eoft = “5(;" , (25)

where Cj is the electrostatic capacitance of the transmission line under consideration but
with all dielectric materials fictitiously removed. Consequently Pd 4 in Eq. (20) can be
written as

; N,
= _ -2az L
; Bp g = wGy IV e Z gitan ) — 6t (26)
l
i=1

By use of Egs. (26), (2), and (6) the loss ceefficient due to imperfect dielectrics can be

written as
N,
nf b
oy = €(tan 3; ) (neper/umt length) (27)
cyV eefl‘ =1
or in units of dB per unit length,
N,
20mf L
oy = (tan §; ) (dB/unit length). (28)

cfn 19 Y/ Geff. i=1

5 In Eqs. (27) and (28) c is the speed of light in free space.

To evaluate the partial derivative it Egs. (27) and (28), a “forward” difference
quotient is employed; thus

!
0€qff €att ~ Coff
~ , (29)
66,- g - &

- ot v Nt 7
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where ¢ is the value of ey for the structure under consideration when the value of the
relative permitlivity for the ith homogeneous dielectric region is perturbed to a slightly
different (higher) value /. Incorporating Eq. (29) into Eq. (28) provides the computa-
tionally useful result

v
20af 2

]
€est — Cotf
[ Qll 10\/ €off

e,-(t,an 5,-) ( G! P

! 1

oy =~ )(dB/unit length). (30)

It is this expression which has been incorporated into the computer programs which are
documented in Appendixes A through E. For these programs the index i takes the value
1, since there is only one lossy homogeneous dielectric region in the overall inhomogeneous
structures treated by these computer programs.

In the next subsection a description is given for the determination of conductor- and

dielectric-loss effects in coupled line structures, with emphasis on directional couplers em-
ploying such configurations.

Coupled-Transmission-Line Structures

For the purposes of this subsection the coupled transmission lines will be treated by
an even- and odd-mode interpretation [7]. Although two transmission lines coupled over
a given length truly represent a four-port structure, the even and odd modes associated
with this structure are each two-port transmission lines which can be treated separately.
To properly assess the effects of losses in such structures, the problem is twofold. One
problem is to determine the loss coefficients &, and oy for each of the even and odd
modes. The second problem is to determine the effects of these coefficienls on the four-
port terminal electrical performance of the entire structure. In the material to follow the
problem of determining the loss coefficients for each mode will be discussed first and will
be followed by a treatment of the problem of determining their effects explicitly for four-
port directional coupler losses,

Even- and Odd-Mode Loss Coefficients

Since the even and odd modes for a coupled line structure can each be depicted as
two-port transmission lines whose length is that of the coupled-line region, the loss co-
efficients for conductor and dielectric losses can be determined using Egs. (16) (or (17))
and (30) respectively. The even- and odd-mode loss coefficients for losses due to im-
perfect conductors can be written as

472 (€opp)1 /Mg

N\ N, :
2 A A%,J (neperfunit length),  (31)
21,1 (i L
J: kol

oy =
ch
U, Clk
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where k = ¢ f%' the odd mode and k& = 0 for the odd mode. The quantities vy, Cp, q{,‘l’ ,
(€fr), and AL/ are evaiuated as described in Ref. 3. The expression for even- and odd-
mode loss coefficients for losses due to imperfect dielectrics can be expressed as

ND '
20 (€ott)re = (€egr)
P . — &(tan 5;) [ﬂ———“f—"] (dB/unit lengtt), (32)
¢ 2n 10V (Eere)y, i = 6

where k = ¢ for the even mode and & = 0 for the odd mode. In Eq. (32) (€,q);, represents
the effective relative permittivity for the even or odd mode in the coupled-line configura-
tion to be anaiyzed. This value is determined using the method described explicitly in
Ref. 3. The value (€3g);, is determined the same way for the coupled-line structure in
which the relative permittivity of the ith dielectric region ¢; is perturbed to the slightly
higher value ¢;. Equations (81) and (32) have been used to evaluate the even- and odd-
mode conductor- and dielectricloss coefficients for the coupled-line structures described
later in this report. The total-loss coefficients o, and «,, for the even and odd modes,

are obtained by adding the respective values of «,, and &g,.

Effects of Losses on Four-Port Terminal Performance

The effects of losses on four-port terminal performance of directional couplers can
be understood by considering Fig. 1. This figure portrays the problem as being that of
determining the loss effects on measurable terminal veltages b; (i = 1, 2, 3, 4) once the
loss coefficients (e, ¥g,) and (@p, ¥,) have been determined for the modal transmission
lines in Figs. 1b ani lc respectively. These loss coefficients are assumed to be known for
this development, having been computed by the method described in the previous section.

The approach used here starts with a procedure similar to that described in Ref. 7.
The voltages b; (i = 1. 2, 3, 4) are written as

b = Egg_;'r‘_oo = reflecled signal = b, (33)
by = -I—‘%I-:g?- = coupled signal = b,, (34)
by = L;T?z = isolated signal = b;, (35)
by = 3’-‘5—;—& = transmitted signal = b, (36)
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where (I, Tye) and (I'yp, Tpp) are prirs of reflection and transmission coefficients for the
even- and odd-mode two-port transmission lines respectively. The reflection coefficients for
the even or odd mode can be expressed in terms of two-port-network parameters A, B, C,
and D as

| B
i A" + 7‘ - Ci Zo - D,'
é I‘oi = u ) (37)

B:
A; +Z—' + C;Zy + D;
0

'
I
|
i where [ = e for the even mode and i = 0 for the odd mode. Similarly, the transmission
i coefficienis can be expressed as
i
i

2
Toe = ) (38)

i
A,"‘"E"" + C;Zgy + D;
0

where again i = e for the even mode and i = 0 for the odd mode. In Egs. (37) and (38)
, Z, represents the charactleristic impedance of the input and output ports shown in Fig. 1
| (Zo =V Z9eZg0)- The parameters 4, B, C, and D for the lossy even-mode two-port are

i given by
| Ag =D, = cosh 7,8, (39)
i B, = Z,, sinh 7,2, (40)
1).
C, = 7 sinh 7,4. (41)
. oe
: Similarly, for the odd mode
; A, = D, = cosh 7,4, (42)
: B, = Z,, sinh v,%, (43)
! N
v Co =(Z—> sinh 7, 2. (44)
00

' In Egs. (39) through (44) 2 represents the physical length of the coupied-line region, Z,,
; and Z,, are the characteristic impedances of the even- and odd-mode transmission lines

i respectively, and v, and v, are the even- and odd-mode propagation constants, taken for
’ this development to be given by

'Ye = O‘e +jBe; (45)

Yo = % *IBos (46)

-
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where @, and «, are the total (known) even- and odd-mode loss coefficients and f, and
B, are the even- and odd-mode phase constants (known) respectively, which are determined
by the lossless analysis described in detail in Ref. 3. The generality of this development

permits B, and 3, to be determined with allowance for even and odd modes having different
phase velocities,

By properly combining Eqgs. (33) through (44), the measurable terminal voltages of
the four-port coupler under analyses can be expressed as

tanh 7,2 tanh v,%
b, = Fy ( Ye + 2 ) , (47)

2+ Fj tanh 7,2 2+ F; tanh 9,8

sech 7,2 sech v,%
b, = ECOR A o o, (48)
2+ F tanh 7,2 ~ 2+ F; tanh 7,2
b sech 7,2 sech v,% 19
i” 2+ F wnhy®  2+F tanhy,Q2 "’ (49)
F tanh 7,42 tanh v, 50
br= Ty 2+ F) tanh 7,2 ~ 2+ Fy tanh 7,2 /° (50)

In Egs. (47) through (50) F; and Fy, are quantities given by

1/2 1/2
Z, Z
Fl = = + o ’ (51)
ZOO Zoe

1/2 1/2
ZOG > ( ZDO )
Fo=1/2 ||— ) - |— . (52)
2 [( ZOO Zoe

For the special case in which 8,2 = §,2 = /2, Egs. (47) through (50) simplify

1 1\
= 53
be = I <2och + Iy ¥ 2002 + F1>’ (53)

. 1 1
b= <2ae2+ T Fl), . (59)

11




B.E. SPIELMAN

_ .1 1
b= <2acsz +F] 20,2+ F1>’ (55)

_ 1 1
b= Fy (2%2 + R 20,0+ F1> . (56)

In Egs. (53) through (56) the even- and odd-mode loss coefficients appear explicitly.
Also, these relationships reveal that, even for perfectly matched couplers, for «, different
from a, the isolated and reflected signals are not zero. For couplers with other sources
of impedarice match and isolation degradation (such as different even- and odd-mode phase
velocities) the additional degradation of isolation and reflected signal due to different modal
loss characteristics will be superimposed on the other effects. The relationships developed
in this section have been tested on experimental coupler models, and the resuits are de-
scribed in the next section.

EXAMPLES OF LOSS EVALUATIONS AND
DESIGN INFORMATION

In this section results are presented for specific structures of isolated and coupled
transmission lines. The examples of microstrip and coplanar waveguide are presented to
demonstrate the accuracy of the computer-aided anualysis from the preceding section and
to provide useful design information for engineering applications. The results for inverted
microstrip and trapped inverted microstrip serve to provide useful, currently unavailable
design information for more complicated structures which offer potential for circuit ap-
plications. Following these results is a comparison of the loss characteristics for the four
preceding transmission lines. The results for the edge-coupled microstrip structure with a
dielectric overlay confirm the utility of the coupled-line loss analysis described in the pre-
ceding section and provide currently unavailable design information for this structure.
This structure is presently the most viable approach for providing broadband couplers, fil-
ters, and Schiffman-phace-shift sections in a microstrip-compatible format.

Isolated Transmission Lines
Microstrip

To illustrate the approach that resulted in Eq. (16), the conductor-loss coefficient
was computed for a microstrip line with an impedance of 50 ohms (nominally). A gener-
ic cross section of such a line is portrayed in Fig. 2. The dc conductivity, for Eq. (16),
was selected to be 4.10 X 107 mho/m based on data provided in Ref. 8, corresponding to
the value designated for gold. The values of &, comps d for this configuration are repre-
sented by the solid curve in Fig. 8. The reference values shown, represented by a broken
curve, are due to a computer-program version of Schneider’s results [2]. Schneider’s re-
sults were selected as a reference because they have compared favorably with the experi-
mental data provided in Hefs. 9 and 10. The agreement here is reasonable, with the values
computed by the method proposed in this report being only a few hundredths dB per

12
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wavelength higher than the reference. This discrepancy can be attributed to the discrete
nature of the equivalent charge densities used in the formulation. This effect is somewhat
! equivalent to a surface-roughness effect.

METALLIZATION THICKNESS
- Tm =6.35um

LINE WIOTH
}.w=o.6|mm—-|
* A
SUBSTRATE WITH DIELECTRIC CONSTANT K=¢ =10.0 |H:0635mm

| M J.

il P §
- L 1

Fig. 2 — Generic cross section of nominal-50-ohm microstrip line

CONDUCTOR-LOSS COEFFICIENT, a. (dB/m)

0 1 1 Nl 1 1 1 ! 1
0 2 4 6 8 10 i2 14 s 18
FREQUENGY (GHz)

Fig. 3 — Conductor attenuation cox Zucient for microstrip as configured in Fig. 2
(a configuration with Zg = 50 ohms).

The method for evaluating dielectric-loss effects was tested for the same microstrip
configuration. Equation (30) was employed with Np equal to 1 and the loss tangent value,
tan 67, selected to be 6 X 10-4 (alumina). The results computed using Eq. (30) are repre-
sented in Fig. 4 by the solid curve. Shown for comparison are reference values due to
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Pucel et al. [9], which are in excellent agreement. The method described for computing

dielectric losses that resulted in Eq. (30) is similar to that of Schneider [11]. In Ref. 12

Simpson and Tseng show additional resulis which agree within 1% (typically) compared to
results computed by this method.

The total-loss coefficient (sum of &, and o) for the microstrip line under consider-
ation will later be compared (in Fig., 15) with similar characteristics for nominally-50-ohm
configurations of coplanar waveguide, inverted microstrip, and trapped inverted microstrip.
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DIELECTRIC-LOSS COEFFICIENT, g (dB
o o
> o
|
i

o 9
o N

! | | | 1
2 4 6 8 10 12 14 16 18
FREQUENCY (GHz)

Fig. 4 — Dielectric-loss coefficient for microstrip as configured in Fig. 2
(a configuration with Z; = 50 ohms).

Coplanar Waveguide

The second illustrative example chosen to demonstrate the effectiveness of the meth-
ods that were described in the analysis section is coplanar waveguide [1] with the cross
section depicted in Fig. 5. The computations here were for an approximately-5C-ohm con-
figuration. The metallization thickness was again selected tc be 6.35 um with a dc con-
ductivity of 4.10 X 107 mho/m. Figure 6 shows the computed ¢, for this case plotted
versus frequency as a solid curve. The computed &y for this configuration is also shown
in Fig. 6, plotted as a broken curve, The total-loss coefficient, obtained by summing o,
and o, is shown plotted in Fig. 7 (and Fig. 15). Also shown in Fig. 7 are measured
values [13] for comparison. These values were obtained from end-coupled resonant-section
transmission measurements. The agreement in this frequency range was reasonable, being
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within 0.1 dB per wavelength over most of the range from 4 to 11 GHz. Equally good
agreement (about 0.1 dB/wavelength or better) was found between the computed values
of total loss and values obtained by a straight-through transmission-line measurement [13].
This correlation in values was obtained from 4 GHz through about 10 GHz.

2b,——|
2a -—W=0.635mm
SPACINGS $=0.27 mm )

]|

i SR
%///// A

L —|

Fig. 5 — Generic cross s2ction of nominal-50-ohm coplanar waveguide
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Fig. 6 — Conductor- and dielectric-loss coefficients for coplanar waveguide
configured (as in Fig. 5) with Z, = 50 ohms
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i Fig. 7 — Total loss coefficient versus frequency
for coplanar waveguide

; Additional design information developed for coplanar waveguide, using the methods

‘ described in the analysis section, are shown in Table 1. The information in this table re-

! lating to configuration geometry and material characteristics is ccnsistent with the nota-

! tion defined by Fig. 5. The ratios of a;/b; shown were selected to span a range of values
that should impact on a broad range of applications for this transmission line.

Inverted Microstrip

Inverted microstrip is the third transmission line which has been analyzed using the
method described in the analysis section. The generic cross section of inverted miczostrip
is depicted in Fig. 8. Table 2 shows the analysis results for aspect ratios (W/H) spanning
; a range of values from 1 to 8. This range was chosen to provide design information for
‘ a broad range of circuit applications. The substrate dielectric constant chosen for the set
; of data correspeonds to that of fused silica, which is deemed to be a suitable material for
! this transmission line for applications at higher microwave and millimeter-wave frequencies.

The conductor- and dielectric-loss coefficients evaluated for this sequence of transmission-
line configurations are plotted as a function of aspect ratio W/H in Fig. 9 for design usage.
The characteristic impedances and phase velocities for configurations spanning the range

of aspect ratios W/H from 1 to 8 are plotted in Fig. 10, readily usable for circuit design
applications.

To demonstrate the correlation between computed and measured characteristics, the
computed phase velocity is compared to experimental data for inverted microstrip. Figure
11 shows computed values of /€. versus aspect ratio W/H as a solid curve. Measured
points shown in this figure were obtained via time-domain reflectometer measurements [2].
The errors between measured and computed values are within 3% over this range of aspect
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ratios. (The total-dissipation-loss coefficient for a nominally-50-ohm inverted-microstrip
configuration is plotted in Fig. 15 for comparison with the other transmission lines.)

Table 1 — Design Information for Coplanar Waveguide as Shown in Fig. 5 But for a
Range of W and S Values Rather Than the Nominal-50-Ohm Values (and With H
= 0.635 mm, €, = 10.0, €' = 10.1, and tan §; = 0.0006)

w | s Zy v o IV oy/f
ay/by | (mm) | (mm) |(ohms)* | (108 m/s)* | (10-4 dB/my/Hiz) | (10711 dB/m Hz)
0.1 | 0.118]0.529 | 102 1.36 1.32 10.0
03 | 035310412 | 722 1.37 1.22 11.82
0.5 | 0.588/0.294 | 57.56 1.38 1.51 9.41
0.7 | 0.823|0.176 | 46.2 1.38 2.29 7.56

*Tabulated clectrical characteristic determined by the method described in Ref. 3. This characteristic is
furnished in the output of computer program furnished in Appendix B.
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Fig. 8 — Generic cross section of nominal-50-ohm inverted microstrip
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1 Table 2 — Design Information for Inverted Microstrip as Shown in Fig. 8 But for a
Pange of W/H Values (with H, T, Tp,, and ¢, as Shown and ¢; = 3.88, tan §; =
{ 0.0002, and a Metal de Conductivity of 4.10 X 107 mho/m.)

‘f W Z, v T aylf
i W/H | (mm) | (ohms)* | (108 m/s)* | (10-5 dB/mvHz ) | (10-12 dB/m Hz)
: 1 |o0.381 | 1018 2.41 2.74 8.40
f 2 | 0.762 75.1 2,52 2.37 6.03
“ 3 | 1148 60.8 2.60 2.26 5.02
! 4 | 1.524 51.4 2.66 2.19 4.24
' 5 | 1905 | 447 2.70 2.16 3.6
‘ 5 | 2.286 39.6 2.73 2.14 3.27
7 | 2667 35.6 2.76 2.13 2.94
8 | 3.048 32.4 2.78 2.11 2.67

*Tabulated electrical characteristic determined by the method described in Ref, 3. This characteristic is
furnished in the output of the computer program furnished in Appendix C.
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Fig. 9 — Loss constants vs aspect ratio for trapped
inverted microstrip (Fig. 8)
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Fig. 10 — Characteristic impedance Z, and phase velocity
Y, vs W/H for trapped inverted microstrip (Fig. 8)
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Fig. 11 — Computed and measvred v/ ¢, versus W/H characteristic for

inverted microstrip (Fig. 8)
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Trapped Invertes Microstrip

This section provides design information for trapped inverted microstrip, characterized
by the generic cross-section configuration shown in Fig. 12. Table 3 provides details of
configuration geometry and material parameters for the cross sections analyzed in this work.
So that this information can be used for design purposes, the conductor- and dielectric-loss
coefficients are plotted in Fig. 13 for aspect ratios W/H ranging from 0.25 to 6.0. The
somewhat irregular appearance of these characteristics can be attributed to the effects of
channel-sidewall interaction with the conducting strip, which is not explicitly accounted
for by the ‘“‘aspect ratio” definilion as W/H. A similar situation is apparent in Fig. 14,
where the characteristic impedance Z; and phase velocity y, are shown for the same range
of W/H values. -

The total dissipation-loss coefficient for a nominally-5G-ohm configuration of trapped
inverted microstrip is plotted in Fig. 15 for comparison with those of microstrip, coplanar
waveguide, and inverted microstrip.

Comparisor. of Loss Characteristics

This section presents . comparison of the loss characteristics for specific nominally-
50-ohm configurations of microstrip, coplanar waveguide, inverted microstrip, and trapped
inverted microstrip transmission lines. The totai-loss coefficients (sum of the conductor-
and dielectric-loss coefficients) for these lines are shown in Fig. 15 for the frequency range
from 0 to 60 GHz. Effects and consideration of higher order moding have been neglected,
as well as effects due to radiation losses. Details defining the configurations of microstrip
and coplanar waveguide analyzed to provide the corresponding curves in this figure are
shown in Figs. 2 and 5 respectively, with the dc conductivity o selected to be 4,10 X 107
mho/m for both configurations. The configuration of the inverted microstrip line analyzed
is defined by Fig. 8, with W = 1,676 mm, ¢ = 3.88, 0 = 4.10 X 107 mho/m, and tan &;
=92 X 10~4. The configuration for the trapped inverted microstrip line analyzed is specified
by the following values in conjunction with the nomenclature shown in Fig. 12: W = 1.52
mm, S = 1.27 mm, H = 0.508 mm, T,, = 6.35 um, € = 10.0, e'1= 10.1, 0 =4.10 X 107 mho/m,
and tan §; =6 X 10-4.

o L -

L S ettt W] e § !

‘ SUBSTRATE

Hs0.508mm \ T =635um

METAL SUPPORT \CONDUCTOR STRIP
WITH CHANNEL

Fig. 12 — Generic cross section for nominal-60-ohm trapped inverted microstrip
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Table 3 ~ Design Information for Trapped Inverted Microstrip us Shown in Fig. 12
But for a Range of W/H Values (With K, T, T,,, and ¢; as Shown and With ei
=10.1, tan §; * 0.0006, and a Metat dc Conductivity of 4.10 X 107 mho/m)

1 Z v o INT oylf
W/H | (mm) {{mm) |(ohms)* (10‘8p m/s)* | (10~% dB/mv/Hz )| (10-11 dB/m Hz)
’ 0.25 | 0.127 {1.97 122 1.77 3.61 5.81
0.5 0.254 11.90 102 1.83 2,12 5.32
1 0.508 {1.78 80.7 1.92 2.25 4.76
2 1.02 |1.52 61.6 1.97 2.22 444
3 1.52 |1.27 49.0 2.12 1.97 3.85
4 2.03 }1.02 416 2.18 2.00 4.08
5 2.54 ]0.762 | 35.0 2.18 219 4.02
6 3.05 [0.508 | 29.5 2.13 2.85 4.35

*Tabulated electrical characteristic determined by the method deseribed in Ref, 3. This characteristic is
furnished in the output of the computer program furnished in Appendix D.

4.0

ag/7t (10°" dB/m Hz)

ac/VT (1072 4B/mVHiz )

Fig. 13 — Loss constants vs aspect ratio for
trapped inverted microstrip (Fig, 12)
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Fig. 14 — Characteristic impedarnice Zg and phase ve-
locity Y, V8 W/H for trappod inverted microstrip
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Fig. 15 — .omparison of total dissipative losses for
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The microstrip cunfiguration chosen here represents a standard configuration of this
transmission line as it has been used in many applications at frequencies up through about
12 GHz. This line is representative of the transmission line fabricated usirg an alumina
substrate with a predominantly gold metallization system. The same is true for the selected
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coplanar waveguide ~onfiguration. The configuration for inverted microstrip was chosen
to represent a version fabricated on a fused-silica substrale, again with gold being the pre-
dominant carrier of RF current in the metallization system. The configuration for trapped
inverted microstrip represents a model fabricated on a standard alumina suhstrate, metal-
lized with a predominantly gold system.

Coupled Transmission Lines
Edge-Coupled Microstrip with a Dielectric Overlay

This section serves a twofold purpose. The first purpose is to provide an illustrative
exumple demonstrating the applicability of the coupled-line loss analysis developed in the
analysis sections. The second purpose is to provide a quantitative assessment of the losses
encountered in quarter-wavelength-long (at midband) sections of edge-coupled microstrip
line with a dielectric overlay for various coupling levels. This coupled-line structure is cur-
rently the most viable approach for providing high-performance broadband couplers, fil-
ters, and Schiffman-phase-shift sections in a microstrip-compatible format [14].

The generic cross section of the edge-coupled microstrip with dielectric overlay is
portrayed in Fig. 16. Four configurations differing in geometric parameters were analyzed
(Table 4). Table & lists the computed electrical parameters for these sections.

Sections 1 and 2 in these tables were fabricated into a two-section, asymmetric cou-
pler similar to that shown in Fig. 17. The circuit pattern was etched on a portion of alu-
mina substrate with dimensions 23 mm by 10 mm by 0.635 mm. The metallizaticn was
chromium-gold with a thickness of 6.35 um. The overlays were made of alumina pieces
on each section and were uitached to the sub:iiate using Stycast Hi K epoxy (K = 10).
The two-sectinn coupler, over the frequency band from 2 to 8.5 GHz, has a nominal cou-
pling value of 6.7 dB. Using Egs. (53) through (56) and the computed values of loss co-
efficient shown in Table 5 the calculated dissipation loss for the two coupled-line sections
was found to be 0.2 dB, obtained for the coupler midband frequency of 5.4 GHz. When
measured losses due to connectors and theoretical lead-in-line losses are added, the total
dissipation loss determined is 0.42 dB. This agrees well with the total measured coupler
dissipation of 0.4 dB. :

Sections 3 and 4 in Tables 4 and 5 were combined in the fabrication of a two-section
asymmetric coupler similar {o the coupler shown in Fig. 17. The experimental model had
a nominal coupling characteristic of 20 dB over the frequency band from 2 to 8.5 GHaz.
Using the evaluation scheme described for the coupler in Fig. 17, the dissipation loss for
the coupled line sections was determined to be 0.08 dB. After adding contributions for
connector and lead-iu line lengths, the total dissipation loss was computed to be 0.38 dB.
This agrees well with the measured midband (5.4 GHz) dissi ation loss of 0.4 dB.

Another portrayal of the loss characteristics computed for the four coupled-line sec-
tions of Tables 4 and 5 is shown in Figs. 18 and 19. Figure 18 shows plots of ¢, and
oy, versus frequency for the coupling sections used in the 6.7-dB coupler. Also shown
are the ratios &, /0, and &4,/®%ge. A large disparity exists between the even- and odd-mode
conductor losses for the tight section. Figure 19 shows similar data for the coupling sec-
tions used to make up the 20-dB coupler.
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T=0.635mm

57

= 0.508¢cm

Fig. 16 — Generic cross section of nominal-59-ohm edge-coupled microstrip
with a dielectric overlay

Table 4 — Parameters Which Along With #, L,
T,n» and €; as Shown in Fig. 16 arnd With ¢ =

10.1, tan §; = 0.0006, and 0 =

410 X 107

mho/m Define Four Configurations of Edge-
Coupled Microstrip With Dielectric Overlay

W S
Section (mm) (mm)
1 0.223 0.0305
2 0.483 0.541
3 0.483 0.927
4 0.467 2.31

Table 5 — Computed Electrical Parameters for the Coupled-Line
Sections Described by Table 4

o e T AT At T

R

Lossless
Section | Midband Zy Z, Z o NI o, NI~ age/f ag.lf
Coupling | (chms) | (ohms) | (ohms) | (10 4B/myIET) | (10 dBmyITT) | (1019 dB/m Hz) | (10719 dB/m liz)
(dB)
1 3.3 500 | 115 | 217 5.60 76.9 1,20 159
2 12.8 507 | 641 | 402 6.69 103 1.36 138
3 16.9 507 | 586 | 439 7.59 9.31 1.60 1.38
4 26.8 494 | 517 | 412 917 10.2 1.90 113
24
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iree partial assemblies of a two-section counler employing edge-coupled

microstrip with a dielectric overlay.
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DISCUSSION

This report details and illustrates analyses, amenable to computer programming, which
can evaluate dissipation losses in isolated or coupled microwave and millimeter-wave trans-
mission lines. These lines can be composed of both imperfect conductors and piecewise
homogeneous dielectric materials. The analyses described here have been implemented in
the form of digital computer programs for treating microstrip, coplanar waveguide, inverted
microstrip, trapped inverted microstrip, and edge-coupled microstrip with a dielectric ovezlay,

The programs for microstrip and coplanar waveguide were used to analyze various con-
figurations for these transmission lines. The computed values of conductor loss for micro-
strip on alumina were compared with well-accepted values due to Schneider [2] and were
found to agree within better than 1.6 dB/m for frequencies up througn 18 GHz. The com-
puted values for dielectric losses in microstrip agree with Simpson and Tseng [12] and
Sci.neider [11] and agreed to within 3% or better at frequencies up to 18 GHz. The sum
of conductor and dielectric losses computed for coplanar waveguide agreed with the ex-
perimental values due to McDade and Stockman [13] to within 0.1 dB/wavelength. The
experimental determinations were made by two independent techniques.

Conductor- and dielectric-loss coefficients were also evaluated for inverted microstrip
and trapped inverted microstrip. This information was presented in the form of useful
design curves, providing loss values as functions of the aspect ratios for these lines. There
is encouraging agreement (better than 2%) between computed phase velocities (Vg ) for
inverted microstrip and measured data [2]. These calculations are made using the same
equivalent charge densities that are used in the loss calculations.

The computed total loss coefficients for the four types of lines are compared in Fig.
15. The losses incurred in inverted and trapped inverted microstrip at frequencies as high
as 60 GHz are comparable to those incurred in microstrip at frequencies in the range 5
to 10 GHz. Also, coplanar waveguide appears to be considerably more lossy than micro-
strip. The structures compared in this figure were selected to have characteristic impedance
levels of nominally 50 ochms. Consistentwith this characteristic the conducting strip widths
required for microstrip and coplanar waveguide were approximately 2-1/2 to 3 times nar-
rower than those required for inverted and trapped inverted microstrip. This feature en-
hances the attractiveness of the mnverted and trapped inverted microstrip lines by virtue of
the mitigation of fabrication difficulties. By concentrating more of the field energies in
air (with correspondingly lower €.g), wider strips are possible for a prescribed impedance
level (compared to the other two lines). These advantages should be realized even if the
dimensions must be contracted to suppress higher order moding at the higher frequencies.
This should be investigated more extensively.

The analyses for computing conductor- and dielectric loss coefficients and for relating
these parameters to terminal electrical characteristics were applied to edge-coupled micro-
strip with a dielectric overlay. Computed results were compared to measured characteristics
for two experimental models of two-section couplers, having nominal coupling values of
6.7 dB and 20 dB respectively. Total dissipation values computed for *hese couplers agreed
with experimental evaluations within 0.07 dB.
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The difference between the even- and odd-mode loss coefficients for this structure
gives rise to a finite isolation for an otherwise perfect coupled line section. For the 6.7-
dB coupler considered here the tight and loose seciions are limited to maximum isolation
levels of 42 dB and 59 dB respectively due to this phenomenon. The tight and loose sec-
tions of the 20-dB coupler are similarly limited to 70-dB and 92-dB isolation levels
respectively.

Several factors can contribute to error in the analyses described here. One is the
discrete representation of charge-density distributions employed in the quasi-TEM model
employed. In one sense this discre.ization can be viewed as a “‘surface roughness” which
could lead to high estimates of losses. Mathematically smoothing the charge-density dis-
tributions might lead to improvement. Another source of error is the approximation shown
in Eq. (9). A method which would reduce this error is to solve the magnetostatic problem
of evaluating the magnetic field at conductor surfaces for these transmission media. Cer-
tainly the difference-quotient approximation, shown in Eq. (29), introduces error in the
dielectric-loss evaluations. Also, judicious choices must be made for the dc conductivity
of the metal system and the loss tangents for dielectrics.

In the next section documentation is given for the user-oriented computer programs
which can provide design information for the structures treated in earlier sections.

COMPUTER PROGRAMS

This section de.cribes the computer programs MS, CPW, IM, TIM, and LEMDOC,
listed in Appendixes A, B, C, D, and E. These programs compute the electrical character-
istics, including loss characteristics, for microstrip, coplanar waveguide, inverted microstrip,
trapped inverted microstrip, and edge-coupled microstrip with a dielectric overlay
respectively.

Program MS (Microstrip)

Program MS, which computcs the characteristics for microstrip (Fig. 2), is written in
Fortran IV and is compatible with the CDC 3800 digital computer system. With minor
modifications this program should also be suitable for use with the CDC 6000-series com-
puter systems, with the IBM 360 or 370 systems, and with any other computer having
comparable storage capability and compatibility with the Fortran IV language. The core
storage necessary for executing this program on the CDC 3800 system at the NRL Re-
search Computation Center is 42,000 words. Although the total core storage of this
computer is now 75,536 words, the maximum storage available for a single array (without
resorting to special array-handling techniques) is 82,768 words. It is this system require-
ment that constrains the largest array in MS to be 181 X 181 or 32,761 words.

Furthermore, because of the standard loading procedures employed by the CDC 3800
system at NRL, the following scheme for handling large arrays was incorporated into MS.
The two relatively large arrays in MS are array A, 181 X 181, and array Al, 182 X 132.
These arrays appear in different subroutines and are used consecutively. For these reasons
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the arrays A and Al are placed in a block of COMMON storage labeled HELP. During
the loading of the program, HELP is loaded into a storage bank with 32,768 storage ad-
dresses available to accommodate array A. This is done using a BANK card. In addition
another BANK card forces main program MS and subroutine MSCUPF into a different
storage bank. The storage required to operate using A and Al is minimized by forcing
them to share the same storage locations by means of the statement EQUIVALENCE
(A, Al). These techniques are necessary to properly load MS intc the CDC 3800 system

at NRL.

The length of time necessary for program execution is anproximately 9 minutes for

each configuration to be analyzed.

Input Information

Each configuration of microstrip to be analyzed by program MS is characterized by
specifying the cross section in terms of the quantities W, H, L, €, tan §,, and ¢ (Fig. 2).
Accordingly, the first data card for any execution of MS contains the quantity NSETS.
This is an integer specifying the number of configurations to be analyzed. NSETS is

punched on the first data card according to the format I10.

Each configuration included in NSETS is specified on a separate data card located
consecutively behind the first data card. Each card lists the following six quantities

punched according to the format F10.6:

W = width of the conducting strip in mils (1 mil = 25.4 pum);

H = height of the conducting strip above the ground plane (the substrate
thickness) in mils;

L = substrate width in inches, which is a variable quantity to allow for nar-
row substrate widths, with a value L = 1.0 inch {2.54 c¢m) having been
adequate to eliminate effects due to finite substrate width;

ER - relative permittivity of the substrate material;

TAND1 = loss tangent of the substrate dielectric (X 104);

SIGMA

de Conductivity of the metallization in mhos per meter (X 10~7).

The number of cards behind the first data card, each containing sets of these six parame-

ters, should equal the value read in for NSETS.

Output Information

The first line of output is invariant for each configuration and indicates that the pro-
gram performs computations taking the strip conductor to have a metallization thickness
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of 6.35 um. The next line is skipped, and the third line lists the preceding six input
parameters for the configuration to be analyzed. After skipping another line, the follow-
ing quantities are tabulated from left to right with identifying labels printed directly above
computed values.

Z0O(OHMS) = characteristic impedance of the transmission line in ohms;
V(M/SEC) = phase velocity in meters per second;

ALPHAC(DB/M)/SQRT(F) = conductor-loss coefficient in dB per meter divided by
the square root of the frequency in hertz;

ALPHAD(DB/M)/# = dielectric-loss coefficient in dB per meter divided by the
frequency in hertz.

For program executions in which more than one configuration is to be analyzed
(NSETS > 1), an output block similar to that described is printed for each configuration.
Four blank lines separate the output information blocks for each configuration.

Program CPW (Coplanar Waveguide)

Program CPW is written in Fortran IV and is compatible with the CDC 6700 com-
puter system. With minor modifications this program should also be suitable for use with
the IBM 360 or 370 systems and with any other computer having comparable storage
capability and compatibility with the Fortran IV language. The storage necessary for ex-
ecuting this program on the CDC 6700 computer at the Naval Ship Research and Develop-
ment Center (NSRDC) is 85,143 words. The length of time necessary for program execu-
tion is approximately 15 minutes per configuration.

Input Information

Bach configuralion of coplanar waveguide to be analyzed by program CPW is char-
acterized by specifying the cross section in terms of the geometry shown in Fig. 5. Ac-
cordingly the first data card for any execution of CPW contains the quantity NSETS,
specified in the I10 format. This is an integer specifying the number of configurations
to be analyzed.

Each configuration included in NSETS is specified on a separate data card located
consecutively behind the first data card. Each card lists the following quantities punched
according to the format F'10.6:

W = width of the conducting strip in mils (1 mil = 25.4 um);
S = spacing between the strip edge and grounded conductors in mils;
H = thickness of the substrate in mils;
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L = substrate width in inches, 1.0 inch (2.54 cm) being adequate tc elim-
inate effects of finite width;

ER = relative permittivity of the substrate material;
TAND1

loss tangent of the substrate dielectric (X 104);
SIGMA

i}

de conductivity of the metallization in mhos per meter (X 10-7).

The number of cards be+*~d the first data card should equal the value read in for NSETS.

Output Information

The output information provided by CPW is similar in format to that for program MS,
The first line of output for each configuration indicates the metallization thickness, After
a line is skipped, the input parameters are listed in a line of output. After another line is
skipped, the quantities Z0(OHMS), V(M/SEC), ALPHAC(DE/M)/SQRT(F), and ALPHAD
(DB/M)/F are printed in a manner similar to that described for program MS. For program
executions in which more than one configuration is to be analyzed (NSETS > 1), an out-
put block similar to that already described is printed for each configuration.

Program IM (Inverted Microstrip)

Program IM is written in Fortran IV and is compatible with the CDC 6700 computer
system. With minor modifications this program should also be suitable for use with the
IBM 360 or 370 systems and with any other computers having comparable storage capa-
bility and compatibility with the Fortran IV language. The storage necessary for executing
this program on the CDC 6700 computer at the Naval Ship Research and Development
Center is 78,698 words. The length of time necessary for program execution is approxi-
mately 12 minutes per configuration.

Input Information

Each configuration of inverted microstrip to be analyzed by program IM is character-
ized by specifying the cross section in terms of the geometry shown in Fig. 8. Accordingly
the first data card for any execution of IM contains the quantity NSETS, specified in the
110 format. This is an integer specifying the number of configurations to be analyzed.

Each configuration included in NSETS is specified on a separate data card located
consecutively behind the first data card. Each card requires the following quantities
punched according to the format ¥10.6:

W = width of the conducting strip in mils (1 mil = 25.4 um);

H = height of the strip above the ground plane in miis;

32




NRL REPORT 8009

= substrate thickness in mils;

= substrate width in inches, 1.0 inch (2.54 ¢m) being adequate to elim-
inate effects due to finite width;

ER = relative permittivity of the substrate material;

TAND1 = loss tangent of the substrate dielectric (X 10%);
SIGMA = dc conductivity of the metallization in mhos per meter (X 10-7).

The number of cards behind the first data card should equal the value read in for NSETS.

Output Information

The output information provided by program IM appears in the same format as that
described for programs MS and CPW.

Propram TIM (Trapped Inverted Microstrip)

Program TIM is written in Fortran IV and is compatible with the CDC 3800 cerputer
system. With minor modifications this program should be suitable for use with the CDC
6000-series computer systems, the IBM 360 or 370 systems, and any other computer having
comparable storage capability and compatibility with the Fortran IV language. The core
storage necessary for executing the program on the CDC 3800 system at the NRL Research
Computation Center is 42,000 words. Although the total core storage of this computer is
now 75,536 words, the maximum storage available for a single array (without resorting to
3 special array — handling techniques) is 82,768 words. It is this system feature that con-
strains the largest array in TIM to be 181 X 181 or 32,761 words. To properly load this
- program into the computer, a procedure similar to the one described for program MS is
used.

The length of time necessary for program execution is approximately 7.8 minutes per
configuration.

Input Information

Each configuration of trapped inverted microstrip to be analyzed by program TIM is
characterized by specifying the cross section in terms of the geometry shown in Fig. 12.
. Accordingly the first data card for any execution of TIM contains the quantity NSETS,
specified in the 110 format. This is an integer specifying the number of configurations to
be analyzed.

Each configuration included in NSETS is specified on a separate data card located
consecutively behind the first data card. Each card lists the following quantities, punched
according to the format F10.6:
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W = width of the conducting strip in mils (1 mil = 25.4 um);

§ = spacing between the strip edge and the channel upper comer in mils;
H - height of the strip above the channel bottoin in mils;

T = substrate thickness in mils;

L = substrate (and support block) width in inches, 1.0 inch (2.54 cm)
being adequate to eliminate effects of substrate and support block
finite widths;

ER = relative permittivity of the substrate material;

TAND1 = loss tangent of the substrate dielectric (X 104);
SIGMA = dc conductivity of the metallization specified in mhos per meter (X 10-7).

The number of cards behind the first data card should equal the value read in for NSETS.

Output Information

The output information provided by program TIM appears in the same format as
that described for programs MS and CPW.,

Program LEMDOC (Lossy Edge-Coupled-Microstrip
Dielectric-Overlay Coupler)

Program LEMDOC is written in Fortran IV and is compatible with the CDC 380G
digital computer. With minor modifications this program should also be compatible with
the CDC 6000-series computers, the IBM 360 or 370 systems, or any other computer
which has similar storage capability and compatibility with the Fortran IV language. The
core storage necessary for executing this program on the CDC 3800 system at the NRL
Rescarch Computation Center is about 42,000 words. Although the total storage of this
computer is now 75,536 words, the maximum storage available for a single array {without
resorting to special array-handling techniques) is 32,768 words. It is this system require-
ment that constrains the largest array in LEMDOC to be 181 X 181 or 32,761, Special
techniques required for the loading of this program are similar to those described for
program MS.

The length of fime necessary for program execution is approximately 15 minutes
per configuration.
Input Information

Each configuration of edge-coupled microstrip with a dielectric overlay to be analyzed
by program LEMDOC can be characterized by specifying the cross section in terms of the
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geometry shown in Fig. 12, Accordingly the first data card for any execution of LFMDOC
contains the quantity NSETS, an integer specifying the nuvinber of configurations to be ana-
lyzed. NSETS is punched on the first data cards in the 110 format.

Each configuration included in NSETS is specified on a separate data card located
consecutively behind the first data card. Each card requires the foliowing quantities,
punched according to the F10.6 format:

W = conducting strip width in mils (1 mil = 25.4 um);
S = spacing between the two conducting strips in mils;
T = thickness of the dielectric overlay in mils;

H = height of the strips above the ground plane in mils;
L

= width of the supporting substrate in inches, L = 1.0 inch {2.54 cm) being
adequate to eliminate effects due to finite width;

ER = relative permittivity of the substrate and overlay dielectric material;
TAND1 = loss tangent of the substrate and overlay dielectric (X 10%);

dc conductivity of the metallization in mhos per meter (X 10-7).

SIGMA
The number of cards behind the first data card should equal the value of NSETS.

Output Information

An output information block is printed for each consecutive input data block. The
first line of output stipulates the thickness of the metallization. After a line is skipped,
the input parameters are listed from left to right. After another line is skipped, the fol-
lowing output quantities are tabulated directly under an appropriate label:

C(DB) = computed value of midband coupling in dB;

ZO(OHMS) = coupled line characteristic impedance in ohms;

ZOO(OHMS) = odd-mode impedance in ohms;

ZOE(OHMSY = even-mode impedance in ohms;

VO(M/SEC) = odd-mode phase velocity in meters per second;

VE(M/SEC) = even-mode phase velocity in meters/second;

VAVG(M/SEC) = average of VO(M/SEC) and VE(M/SEC) in meters per second;

ALFACO(DB/M)/SQRT(F) = odd-mode conductor-loss coefficient in dB per meter
divided by the square root of the frequency in hertz;
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ALFACE(DB/M)/SQRT(F) = the even-mode conductor-loss coefficient in dB per
meter divided by the square root of the frequency
in hertz;

ALFADO(DB/M)/F = odd-mcde dielectric-loss coefficient in dB per meter divided
by the frequency in herlz;

ALFADE(DB/M)/F = even-mode dieleciric-loss coefficient in dB per meter divided
by the frequency in hertz.
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Appendix A

LISTING OF PROGRAM MS

) PROGRAM MS
; REAL L
READ 1» NSETS
1 FORMAT(110)
DO 2 MN=1sNSETS
READ 3» WsHsLsER»TAND1sSIGMA
3 FORMAT(6F10¢6)
TAND1=TAND1*1+E-04
SIGMA=SIGMA®1E+07
PRINT 8
! & FORMAT{IH 9////71H »#STRIP MLTALIZATION THICKNESS = 250 MICROINCHES
1%)
! PRINT 49 WsHsLsER» TANDL »sSIGMA
. 4 FORMATUIHO92HW=9F54193X92HH=*FSe1l3An2HL=>
1F10,693X+s3HER=9F10¢693X9s6HIAND1=9F1Ve693Ar16HIIGMA=1F LU 6)
FACTOR=(1,0E=05)%(1,/Ue39370V)
i W=W*FACTOR
‘ H=H*FACTOR
L=L*FACTOR*{1.E+03)
E1=ER
E2=ER+0.01*ER
CALL MSF(WsHsL2E1sSIGMACsPDD3Q)
PDDSQF=PDDSQ
CALL MSF(WsHsL9E2>SIGMACPFDDSQ)
CALL MSE(WsHsL +CE)
. A=C*CE
! B=CE/C
: 20=14/(13,0E+08)%SQRT(A))
V=3 ,0E+08*SQRT (B)
ARG1=8
ARG2=CE/CP
ER1=1./ARG1
ER2=1+/ARG2
FACTC=1U,/2.3
FACTD=27,3/3.E+U8
AC=FACTC*PDDSQF*ER1*Zv
AD=FACTD*(F1/SQRT(ERL) I *((ER2~ER11/(E2-E1) ) *I AND1
PRINT 5
5 FORMAT(1HOU»1Xs8HZO(QHMS) »5Xs8HV (M/SEC) »5X»
120HALPHAC(NB/M)/SQRT(F ) 95X s 14HALPHAD (DB/M) /F)
PRINT 6% ZUsVIACHAD
6 FORMAT{1IH 92XsF64294X9E10,318X9E1Ue3911X9E10,3)
2 CONTINUE
STOP
END
SUBROUTINE MSF(WsHsL sERsSIGMA s CHRG» PDDSQF)
DIMENSION N(4)sX(91s4)3Y(9194) sALPHA(OL194) sBETAL(9194) s
1BETA2(9194) sGAMMA(9194) sCHI9L24) »SCHI4) 2 TSCD(9194564)9A(1812181) s
2A1013445134)
REAL L
COMMON/HELP/AsAl
EQUIVALENCE (AsAl)
NO=4
N(1)=43
N{2)=9]
N(3)=25
N(4)=25
EO=1e/(44%3014159%2,99T76%2+499776E+09)
AAA=3016159%4¢E~0T%34146159/S1GMA

e
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RDSQF=SQRT(AAA)
FACTN=4¢%3414159%3.14159%RDSQF %84 85E~12
FACTD=44%3214159%]1¢E~0U7
FACTL=FACTN/FACTD
FACTOR=(1.0E~05)%(1,/Ve393700)
DELW=W/20.

E=ER*EV

X{lyl)==W/2e
Y{(1s1)=H

DO 26 1I=1+20

IP1=1+1
X(IP19o1)=X{1+1)+DELW
Y(IP1s1l)=H
X(22911=X{2191)
Y{(22+1)=0,25#FACTOR+H
DO 27 1=22+41
IP1=1+1
X{IP191)=X(I91)-DELW
Y(IP191)=Y{1s1l)
X(45+1)=X(191)
Y{4351)=Y{191)
DELL=L/44,
X(1s2)==L/2
Y(1+2)=U,

DO 28 I=1144

1IPl=1+1
X(IP192)=X(192)+DELL
Y(IP1s2)=0,
X(4692)=X(4592)
Y(46y2)=~0+25%FACTOR
DO 60 1=46+89
IPl=1+1
X{IP192)=X(192)~DELL
Y(IP192)=Y(192)
X(9192)=X(192)
Y(9192)=Y(1+2)
DELH=H/10.
NDELD={LL/2e=W/24)/ 14,
X(1+3)=X(1s2)
Y(1e3)=Y(192)
X{ls4)==X(1:2
Y(1s4)=Y(193)

DO 61 I=1s1V

IPl=1+1
X(IP193)=X(1+3)
Y{IP1s3)=Y(Is3)+DELH
XUIPLls4)=X(1s4)
Y{IP1+4)=Y(IP1y3)

DO 62 I=11s24
1P1=141
X(IP193)=X(193}+DELD
Y{IP193)=Y(]93)
KUIP194)=X({194)-DELD
YOIPls4)=Y{IP1s3)

DO 63 I=1942
ALPHA(Ts1)=1.
BETA1(1+1)=0.
BETA2(191)=0s
GAMMA(I91)=1,
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DO 64 1=1+90
* ALPHA({I92)=1,
BETA1(I+2)=0,
BETA2(1+2)=0,
64 GAMMA(1+2)=0,
DO 65 I=19+24
ALPHA(1493)=0.
BETAL(193)=E
BETA2(1:3)=E0
1 GAMMA(153)=0,
ALPHA(T194)=0,
BETA1(1y4)=EO
: BETA2{1s4)=E
t 65 GAMMA(114)=0,
; XMIN=U,
' XMAX=0,
YMIN=00
. YMAX=0e
: NX=0
NY=0
1DIM=91
R=1.0E+U5
NAXDIM=181
. NAYDIM=181
' CALL LPLACF(NQINsXsY>»ALPHASYBEIAL1'BETA2yGAMMAYCH sSCH»IDIMIR» 1DCDY
1XMIN s XMAX sNX s YMINY YMAXSNY s NAXDIMINAYDIM)
i DELF=W/20.
' DELE=V.25*FACTOR
; FF1=62831852%L*DELF
} FF2=642831852%E0%DELF
' FF4=642831852%E0%DELE
CHRG=0,
DO 50 1=1920
50 CHRG=CHRG+FF1*#CH(1,1)
DO 51 [=22s41
51 CHRG=CHRG+FF2¥CH(Is1)
CHRG=CHRG+FF4* (CH(2191)+CH{4251))
DO 1064 J=1sNO
IF(ALPHA(19J)eNEs1s) GO TO &4
5 NJ1=N(J) =1
N DO 1065 I=1sNJ1
IPl=1+1
SEGX=X(TIP1sJ)=X{TsJ}
SEGY=Y(IP1sJ}=Y (1))
SEGARG=SEGX*SEGX+SEGY*SEGY
SEGLEN=SQRT ( SEGARG)
1065 SUM=SUM+CHITsJ)*CHI(1sJ) *SEGLEN
1064 CONTINUE
PDDSQF=FACTL*SUM
54 CONTINUE
RETURN
END
SUBROUT INE LPLACF(NO’N,XoY’ALPHA’BETAl’BE]AZ’QAMMA’CH’bCH’IDIM’R’
1 TSCDIXMINYXMAXINX s YMIN 9 YMAX s Y s NAXD IMaRAYD i)
DIMENSTION X({IDIMsNO)sY(IOIMsNU) sALPHALIDIMINO) sBEITATCIDIMINO)Y »
1BETA2(INIMINO) sGAMMA(IDIMINO) sCHIIDIMINO) s TSCOLIDIMINO 4 ) sNINO) »
2A01815181)sSCHINO)»R(18U) »A1(1345134)
COMMON/HELP/A»AL
EQUIVALENCE (AsAY)

[P
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* P1=341415926
¢ RR=R#*R
DO 1 L=1,NO
\ NN=N{L)~1
1 ‘ DO 1 I=1,NN
XI=X{I+1sL)=X(IsL)
- YI=Y(I+1sL)=Y(1sL)
P ! TSCD(IsL21)=ATAN2(YIsXI)
! TSCOUT2L92)=SINITSCD(TIsL21))
TSCD(IsL93)=COSITSCD(LsL 1))
1 TSCD(IsLs4)=SQRT{XI*XI+YI*YI)
JJJ=0
DO 4 LJ=1»NO
NJ=N(LJ)} =1
JAI=JJJ
JJJ=JJI+NY
DO 4 J=1sNJ
1 ¢ JI=JAI+I
XJI=(X(IoLII+X(J+19LUV) 72
YI=UY(JsLII+Y(J+19LJ) ) /2,
I11=0
! DO 4 LI=1sNO
NI=N{LI)=1
I1I=111+NI
IAl=111=NI
DO 4 1=1sNI
I1=1A1+1
IF(I1+EQeJJ) GO TO 3
X1=XJ=X{1sL1)
X2=XJ=X{I1+1sL1)
Y1=YJ=Y{1sL1)
Y2=YJ=Y({I+1sL1)
RI=X1%X1+Y1%*Y1
R2=X2%X2+Y2%Y2
S51=0e
52=0.
YT=Y 1L 1) %X2=Y (I 4+1 oL D) ®X1+YUR(X{T+1sL1)=X{IsL 1))
XT=X1%X2+Y1#Y2
TETA=ATAN2(YTsXT)
TFIALPHA{JL ) :EQ:0:) GO U 2
S1=TSCDIIILI24)*(1e~UeS5H*ALUGIR2/RR) 1 +Ue5#ALOGIR2/ K1) ¥ LXL1¥ISCDI L]
123/ +Y1%TSCD(I2LI92) )+TETAR(XI*¥ISCDUILTs2)=Y1%I15CDIsLI»3))
5 TETAL=TSCO(JILI21)=TSCD(IsLI21)
S52=0.5%SIN({TETAL ) *ALOGIR2/R1)+COSVIE1AT I %1€ A
53=~82
GO TO &
2 S1=TSCD(1sLT94)%(1.-ALOGITSCD(IsLI*4)/24/R))
S2==P1
$3=-Pl
4 A(éJ;II)=ALPHA(J,LJ)*81+BETA1(J’LJ)*SZ+BETA2(J9LJ)*$3
M=
DO 5 L=1yNO
§ M=M+N(L)=~1
JJJ=0
DO 6 L=1sNO
NN=N(L) =1
JAI=dJJ
JII=JIJ+NN
DO 6 J=1sNN
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JJ=JAJ+J

B(JJ)=GAMMA (JsL)

CALL ARRAY(2sMsMINAXDIMINAYDIMsASA)
CALL SIMQ(AsBIMIKS)

IF {KSeNEWLO) ?RINT 1vy
FORMAT(1HU»18HSYSTEM 1S5 SINGULAR)
JJJ=0

DO 7 L=1sNO

NN=N(L)~1

JAI=JJJ

JJJ=JJJ+NN

DO 7 J=1sNN

JJ=JAJ+J

CH{JsL)=B(UJ)

DO 8 L=1+NO

NN=N{L)=1

SCH(L)=00

DO 8 I=1»NN
SCH(L}=SCHIL)I+TSCD(IsLs4 ) %CH( 1 L)
IF(NX=1)17+9+910

DX=0.

GO TO 11
DX={XMAX=XMIN) /FLOAT (NX-1)
IFINY-1)17+12913

DY=00

GO TO 14
DY=(YMAX~YMIN)/FLOAT(NY~1)
DO 16 I1=1sNX
XJ=XMIN+FLOAT{11-1)%DX

00 16 JJ=14NY
YJ=YMIN+FLOAT(JJ~1) *DY

AlIT9J4J) =0,
DO 16 LI=1»NO
NN=N(LI)=-1

DO 16 I=13sNN

X1=XJ=-X(1sL1)

X2=XJ=-X{1+1sL1)

Yli=YJ=Y{1lsLI)

Y2=YJ=-Y{I1+1+L1)

R1=X1%X1+Y1#%#Y1

R2=X2%X24Y2%Y2
IF{{R1+EQeVe) DR ({R2+EQe0,)) GO TO 15
YT=Y({TaLT)%X2=Y (T4l oL I} %X1+YI*(X{T+T LTI =X{IoLI)
XT=X1#X2+Y1%Y2

TETA=ATAN2(YTsXT)

S1=TSCD(I2L194)%#(14~Ue5%ALOGIR2/RR) 1 +US*ALOGIR2/R1}¥(X1*TOCDIsL1

153)4Y1%TSCD(TsLT92) ) +TETA¥(X1I*¥TSCO(T LI 92)~Y1#TSCD(I2LI93))

GO TO 16

S1=TSCD(TsL1s4)%(1,~045*%ALOG( (R1+R2) /RR))
ACTTsJI)=A{TT9JI)+S1%CHITHLT)

RETURN

END

SUBROUTINE MSE(WsHsLCE)

DIMENSION N{2)s7M(9192)9Y(9192)sALPHA(9152)sBETAL(9152)

I1BETA2(9192) sGAMMA(9152) sCHI(9192) s SCHI2) s 15CD(919294)9A11815181) )

2A11(1345134)
REAL L
COMMON/HELP/A9AL
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EQUIVALENCE(A2Al}
NO=2

N{1)=43

N(21=91
EO=1./(4.*3-14159*2.99776*2-99776E+09)
FACTOR=(1-UE-05)*(1./0.393700)
DELW=W/20.
X{lsl)==W/2e
Y(1s1)=H

00 26 [=1920

1P1=i+1
XK(IP1»13=X(I»1)+DELW
Y{IPls1l)=H
X(2291)1=X(2191)
Y(2291)=0,25*FACTOR+H
D0 27 [=22441
1P1=1+1
X{IP1s1)=X(1»1)~DELW
YCOIP1s1)=Y (191}
X(4391)=X{191)
Y(4341)=Y(191)
DELL=L/ 44
X{192)==L/2¢
Y(1e2)=5U,

DO 28 I=1r44

IPl=1+1
X{IP122)=X({192}+DELL
Y(IP192)=0o
X(4692)=X14592)
Y{4632)=-0,25%FACTOR
DO 60 1=46+89
IPl=1+1
X{ip1s2)i=X{1+2)-DELL
Y(IPL192)=Y(192)
X(9192)=X(12)
Y(9192)=Y(112)

DO 63 1=1142
ALPHA(I»1)=1.
BETA1(]»1)=0C,
BETA2{1+1)=U.
GAMMA(LIs)i=1e

DO 64 [=1>90
ALPHA(I»2)=1.
BETA1(192)=0,
BETA2(1+2)=0.
GAMMA(192)=0.
XMIN=Ve

XMAX=0,

YM!N“O-

YMAX=0.

NX=0

NY=0

101M=91

R=1+0E+0U5

NAXDINM=134
NAYDIM=134

1 Vv B
VM Ry o T i~ < T e

CALL LPLACF(NO’N’X9Y,ALPHA9BETA1,BETAZ,GAMMA)cHybCHaIDIMaRaTSCD’

IXMIN9XMAX9NX9YMIN’YMAX,NY9NAXDIM’NAYDIM)
CE=642831852#Eu%SCH{1)
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RETURN

END

SUBROUTINE LPLACE{NOsNoXsYsALPHA'BETA1'BETA2»GAMMAICHISCH IDIMIRY
1 TSCOIXMINIXMAX s NXsYMINYMAXsNY sNAXDIMNAYDIM)

DIMENSION X{IDIMsNO)sY(IDIMINO) sALPHA(IDIMINO) s»BETAL(IDIMINO} »
18ETA2{IDIMINO) yGAMMACIDIMINO) sCHIIDIMINO) s TSCDUIDIMINO 4 ) sNINO) »
2A(1819181)9SCHINO} »BL132)9A1(1349134)

COMMON/HELP/A»AL

EQUIVALENCE (AsAL)

P1=341415926

RR=R*R

DO 1 L=1,NO

NN=N(L)=1

DO 1 I=1,NN

XI=XCI+1sL1=X{TsL)

YI=sY(I+1sL)=Y(1sL)

TSCO(1sLy1)=ATAN2(Y I XI)

TSCD (1L 92)=SINITSCD(IsL 1))

TSCD{I9L931=COSITSCDIIrLo1))

1 TSCD{TsL94)=SQRTIXI*XI+Y1I*Y])

JJJ=0

DO 4 LJ=13NO

NJ=N{LJ) -1

JAJ=JJJ

JIJ=JII+NJ

DO &4 J=19NJ

JJI=JAI+J

XJI= (X oLy +X{J+1 LI/ 2,

YI=(Y{IsLJ)+Y(J+19LU)) /2,

I1i=0

DO 4 LI=1sNO

NI=N(LI)=-1

I1i=111+NI

IAl=1]1=NI

DO 4 I=1,NI

I1=1A1+1]

IF(11+EQeJJ) GO TO 3

X1=XJ=X{IsL1)

X2=XJ=X{1+1sL1)

Y1=YJ=Y{(IsL1)

Y2=YJ=Y(1+1sL1])

R1=X1#X1+Y1*Y1

R2=X2¥X2+Y2%Y2

51=0.

52=0.

YT=Y(ToL1)%X2=Y ([41sL 11 *X1+YI* (X410l )=X{ToL 1))

XT=X1%X2+Y1%Y2

TETA=ATAN2(YT s XT)

+F(ALPHA(JILJ) «EQeUs) GO TO 2 .

S1=TSCD IsLI14)%{14=0s5%ALOG(R2/RR) I +U5*¥ALOGIR2/R1I#(X1*¥TSCPI LI
193)4YIXTSCD(T LT 221 )+TETARIXLI*¥TSCD(IsLTI»2)=Y1%TSCD(IsL1s3))

2 TETA1=TSCD(JrLI91)1~TSCDI12LI91)
$52=0,5%SIN(TETAL)*¥ALOGIR2/R1)+COS{TETAL)*TETA

53==~82

GO TO 4

2 S1=TSCOUIsLT94)%(1e~ALOGITSCD T sLI24)/24/R))
52==P1
$3=-PI
4 ALJJy 1) =ALPHA(JS LUV #S14BETAL(JsLJ) ¥S2+BETA2(JsLJ) %53
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M=0

DO 5 L=1sNO

M=M+N(L) =1

JJJ=0

DO 6 L=1sNO

NN=N(L)~-1

JAJ=JJJ

JIJ=JJJ+NN

D0 6 J-1sNN

JI=JAI+

B{JJ)=GAMMA(JsL)

CALL ARRAY(2sMsMsNAXDIMINAYDIMsA»A)
CALL SIMQUA»BIMsKS)

IF IKS.NE.O) PRINT 10V
FORMAT(1HU»18HSYSTEM IS SINGULAR)
JJJ=0

DO 7 L=1,NO

NN=N(L)-1

JAJ=JJJ

JIJ=JJJ+NN

DO 7 J=1sNN

JJ=JAJ+J

CH{JYLI=B(JJ)

DO 8 L=1,NO

NN=N{L}=-1

SCH(L) =V,

DO 8 I=1sNN
SCHIL)=SCHILY+TSCD(I1L 24 ) *CHITsL)

IFINX=1)17+9s10
DX=OA %{\
GO TO 11

LAY
PX=(XMAX=XMIN) /FLOATINX-1) 2 o \>.
IF(NY-?)I'I’IZ’IB @ g\\\

DY=0.

?)?(:ISM/lxI).(—YsﬂIN)/FLOAT(NY-—l) ‘{,\% 9
DO 16 Ii=1sNX 3%»%@

I GRS
Y J=YMIN+FLOAT (JJ=1) %DY \A\% Q\&
ACLT3JJ)=0.

00 16 Li=13N0 @a\@

NN=N{LI)=1
DO 16 [=1sNN Q‘
X1=XJ=X{IsL1)

X2=XJ-X{I1+1s0L1)

Yl=YJ=-Y{IsLI)

Y2=YJd-Y{I+1sL1)

R1=X1#X1+Y1*Y1

R2=X2%X2+Y2*%Y2

IF({R1+EQeUe) «ORe(R2+.EQe04)) GO TO 15
YTaY(IsLT)¥X2=Y (T+1sLT ) *¥X1+YUR{X{T41sLT) =X (1oL 1))
XT=X1%#X2+Y1*Y2

TETA=ATAN2(YT s XT)

S1=TSCD(T19LI24)%(1,-0.5%ALOG(R2/RR) 1 +V5#ALOGI(R2/RL)*{X1*¥TSCD(IsL1

193)4Y1%TSCOlTsLT92) )+ TETAM(XI*TSCDI TP LTI92)=Y1I#TSCD(IsLI5))
GO TO 16
S1=TSCD(TsLIs4)*(1s~Ue5¥ALOGI(RI+R2)/RR))
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ALTT2JJ)=ACTT s JI)+SIXCHITLT)
RETURN

END

SUBROUTINE ARRAY (MODEsI+JsNsM3SsD)
OIMENSION S({1)sDt1)
NI=N-1

1F{MODE~1) 10051005120
TJ=1%#J+1

NM=N*J+1

DO 110 K=19J

NM=NM-NI

DO 11U L=1l»! .
1J=1J-1

NM=NM-1

D(NM)=S (1)

GO TO 140

1J=0

NM=0

DO 130 K=1»J

DO 125 L=1»1l

1J=1J+1

NM=NM+1

S(1J)=D(NM)

NM=NM+N

RETURN

END

SUBRQUTINE SIMQ(A»BINsIKS)
DIMENSION A{1)sB(1)
TOL=0-0

KS=0

JJ==N

DO 65 J=1sN

JY=J+1

JJd=JJ+N+1

BIGA=00

1T=00-J

PO 30 I=JsN

1J=1T+1
IF(ABS(BIGA)-ABS(A(TIJ))) 209306930
BIGA=AL]1D)

iMAX=1

CONT INVE
IF(ABS(BIGA)~TOL) 35535940
KS=1

RETURN

I1=J+N*(J~2)

I1T=IMAX=~J

DO 50 K=JUsN

11=11+N

12=11+1T

SAVE=A(T11)

Al111=A(12)

A{12)=SAVE
A(I1)=A(11)/BIGA

SAVE=B( IMAX)
BLIMAX)=8(J)
B(J)y=SAVE/BIGA

IF(J=N) 55970955
1QS=N*(J=-1)
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DC 65 IX=JYsN

IXJ=1QS+1X

1T=J=1X

D0 &0 JX=JYsN
[XIX=N®(JX~1)+1IX
JIX=IXIX+IT

ALTXIX ) =ATIXIX) = (ATTIXI I RALIIX) )
BLIX)=B{IX)I={BlJI*ALIXI))
NY=N-1

IT=N#*N

DO 80 J=1sNY

IA=1T-J

18=N-J

1C=N

DO 80 K=1lyJ
B8lIB)=BlIBI~ALTIA}*B(IC)
I1A=1A-N

IC=1C-1

RETURN

END
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Appendix B
LISTING OF PROGRAM CPW

PROGRAM CPW{INPUT »OUTPUT)
REAL L
READ 1y NSETS
FORMAT{110}
DO 2 MN=1sNSETS
READ 3+ WsSsHILIER»TAND19SIGMA
3 FORMAT(T7F104&)

TAND1=TAND1 *1UE~0Q4

SIGMA=SIGMA*]+0ELQ7

PRINT 8
8 FORMATUIH »////71H +%STRIP METALIZATION THICKNESS = ¢50 MICROINCHES
1)

PRINT 49 WsSsHsLsERYTAND1sSIGMA
4 FORMATI1HO»2HW=9F54193X92HS=+F5.193X22HH=9F541¢3X92HL=»
1F10,693X33HFR=9F10.693X96HTANDI=»E104393Xrs6HSIGMA=9E1043)

FACTOR={1.0E~U5}%{14/9»393700)

W=w*FACTOR

S=5#FACTOR

H=H¥FACTOR

L=L¥FACTOR*(1.E+03)

E1=ER

E2=ER+D.01*ER

CALL CPWF({WsSsHIL+E1»SIGMAC+PDDSQ)

PDDSQF=PDDSY)

CALL CPWE(WsSrHsL»E29SIGMASCP»PDDSAQ)

CALL "CPWE(WsSsHsLCE)

A=C*CE

B=CE/C

20=1e/(({34E+08)%SQRT(A))

V=3,E+08%SORT(B)

ARG1=8B

ARG2=CE/CP

ER1=1+/ARG1

ER2=1+/ARG2

FACTC=1V./23

FACTD=2743/3.E+U8

AC=FACTC*PDDSQF*ER1*Zv

AD=FACTD# {F1/SORTIERL IR ULIERZ-ERIV/{T2-C1 ) TANDY

PRINT B
6§ FORMAT(1HC1X98HZO(QHMS) s5X s 8HV(M/SFC) 15X
120HALPHAC(DR/M}/SQRT(F) 95X 9 14HALPHAD(DR/M) /F)

PRINT 63203V sACIAD R
6 FORMAT(IH 92X9F6e294X9E10,358X9F10.3511X9E10,3)
2 CONTINUVE

STOP

END

SUBROUTINE CPYF(WsSsHsLsERISIGMACHRG +PDDSAF)

DIMENSION N{6)9X{59+6)3Y(5936) yALPHA(5936) sBETAL1(5995)
IBETA2(59,6),GAMMA(59’6)’CH(59’6)9SCH(6)9TSCD(59’694)3A(2523252)

REAL L

COMMON/HELP/Z2(252+252)

EQUIVALENCE(ZyA)

NO=6

N({li=41

N(2)=%9

N(3)=59

N(4)=21

N(5)=21

Ni61=51 48
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EO=1e/(4e%#3014159%2,99776%2+99T76E+09)
AAA=3414159%4+E-0T%5+14159/SIGMA
RDSQF=SQRT {AAA)
FACTN=4e%3414159%3 414159 %RDSQF 8 ¢ 85E~12
FACTD=4e%3414159%1 4E-07
FACTL=FACTN/FACTD
FACTOR={1.0E-05}#(1,/U4393700)
DELW=W/19.
E=ER*EQ
X{1s1)==W/2e
Y(1+1)==0.25%FACTOR 4
DO 26 1=1519
IP1=1+1
X(1P1s1)=X(1s1)+DELW

26 YUIP1s1)=Y(1s1)
X(21511=X(2051)
Y(2151)=0.
DO 27 1=21139
IP1=1+1
X{IP1s1)=X{I>1}~DELW

27 YuIP1s1)=Y{I»1}
X{41y21=X(191)
Y(&1s1)=yt1 1)

DELG=(L/20“W/’,."S)/2’8. S““\
X(192)=L/20 ‘{‘g\\’“
Y(1,2)=0, . 1“6 ‘3
I Tt o GUBE tae W
L e TR

X(3093)=(W/24)4S ?Q\\\ ¥

£

Y(3093)==0+¢25%FACTOR

DO 28 I=1,28

IP1=1+1

IP30=1+30

IP30M1=1pP30~1

X{IP192)=X1192)+DELG

Y(IP1+2)r 9.

XCI1P3u»21=X({IP3UM192})-DELG

Y(1P30s2)=Y(3Us2)

X{IP1+3)=X(1,3)=-DELG

Y{IP1»3)=0,.

X{IP23U3)=X{]IP3UM13)+DELG
28 Y({IP3L13)=Y(3U13)

X(5942)1=X{1+2)

Y{5992)=Y(1+:2}

X(594931=X(113)

¥(5993)=Y(193)

. DELS=5/20.

: X(1s4)==W/2,.-5
Y{ls4)=0U,
X(195)=W/2e+S
Y(1,5)=0,

DO 29 I=1920

IP1=1+1

X{IP194)=X{154)+DELS

Y(IPY1+4)=0a

X{IP195)=X(145)~DELS
29 Y{IP1+5)=0,
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* DELH=H/2,
DELL=L/46.
X(196)=} /724
Y(1y5)=0, °
X(4946)=172
Y{49+6)=H
D0 30 =12
IPl=]+}
[P49=14n49
, 1P49M1=21p49~1
: XCIP126)=X{1+6)
YUIPLoi3)=Y(196)+DELH
. XUIP49+6)=X{IP4OM1I6)
: 30 Y(IPQ9’6)=Y(IP49M1’6)-DELH
DO 31 I=146
IP3=1+3
; IP3M1=1P3~1
‘B : X{IP%26)=X(IP3M116)+DELL
: 31 Y(IP3+6)=H
DO 60 I=1s40
ALPHA(Is1)=1,
BETA1(1+1)=0,
BETAZ(I+1)=0¢
60 GAMMA(I»)1)=1,
DO 61 I=1¢58
ALPHA(T2) =1,
ALPHA(I+3) =1,
BETAI(14+2) =0,
BETAL(Iy3i=0,
BETA2(14+23=0,
BETA2(113) =0,
GAMMA(1+2)=0,
61 GAMMA(193)=0,
DO 62 I=1520
ALPHE LT 94) =0,
ﬂALPHA\I,5)=Oo
! B "A1'1+4)=FU
K Bt .Al1l]l9+5)=E
BETA2(14¢) =E
BETA2(15)=E0

GAMMALL 141 =%,

62 GAMMAL(Is5) =0,
DO 63 I=1s50
ALPHA(Ts6) =0,
BETAl({1+6)=E
BETA2(195)=E0
63 GAMMALIs6) =V,
XMIN=UQ
AMAX=0.
YMIN=U.
YMAX=0,
NX=0
NY=0
IDIM=59
R=1,0E+05
NAXDIM=252
NAYDIM=252
CALL LPLACF(NO:N9X,YtALPHA’BSTAl9BETA2’G/MMA)CH95CH’IDIM’RoTscoo
IXMIN’XMAX’NX,YMINvYMAX,NYpNAXDIM’NAYDIM)
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DELF=W/19.

DELE=0425*FACTOR
FF1l=642831852#E#DELF
FF2=6¢2831852%EU*DELE
FF4=6¢2831852*cO*DELF

CHRG=0.

DO 50 1=1119
CHRG=CHRG+FF4*CH(1+1)

DO 51 1=21+39
CHRG=CHRG+FF1#CH(1,1)
CHRG=CHRG+FF2*({CH(209s1)+CH(4051))
SUM=0.

DO 64 J=1sNO
IF(ALPHA{19J)sNEs1s) GO TO 64

NJ1=N(J)~1
DO 65 I=1sNJ1
IPl=1+1

SEGX=X(IP1sJ)=X(1sJ)
SEGY=YL{IP1sJ)=Y(I+J)
SEGARG=SEGX*SEGX+SEGY*SEGY
SEGLEN=SQRT ( SEGARG)
SUM=SUM+CH( 1 9J)%¥CH(19J) *SEGLEN
CONTINUE

PODSQF=FACTL*5UM

CONTINUE

RETURN

END

SUBROUTINE LPLACF(NO'N9XsYsALPHAYBETAL»BETA29GAMMAICHISCHs IDIMIR
1 TSCDYXMINXMAXsNXsYMINS YMAX sNY s NAXDIMINAYDIM)
DIMENSION X(IDIMINO)~Y(IDIMINO) »ALPHAUTIDIMINO)yBETAL(IDIMINO) »
1BETA2LIDIMINO) s GAMMALIDIMINO) sCHIIDIMINO) s TSCDC IDIMINO 24 ) s NINO) »
2A02529252) ySCHINO?} sB(246)
CUMMON/HELP/212525,252)
EQUIVALENCE(ZyA)

P1=3.1415926

RR=R*R

0O 1 L=1sNO

NN=N(L}~1

DO 1 I=1.NN

XI=X{1+1sL)-X{1sL)
YI=Y(I+1sL)=Y(IsL)
TSCO(EsL o1y =ATAN2(YIsX1)
TSCO(IsL22)=SINITSCD(TsL1))
TSCD(IsL»3)=COSLTSCO(IsLyd))
TSCO(I+L o4 ) =SORTIXI*XI+YI*Y])
JJJ=0

DO 4 LJ=1NO

NJ=N(LJ) =1

JAJ=dJJ

JJIJI=IJI+NI

DO 4 J=1sNJ

NNERTWEN

XJI=tX (I LI)V+X(J+190LJ) ) /2,

YOz (Y (I LI +Y(J+1LI)) /20
111=0

DO 4 LI=13NO

NI=N(LI)=~1

[11=1114NI

IAI=111=-NI
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D0 4 I=1,N!

II=1Al+1

IF(I1«EQsJJ) GO TO 3

X1=XJ=X{1sL1)

X2=XJ=X({1+1sL1)

Yi=YJ=-Y{IsL1)

Y2=YJ=-Y(I+1sLI)

R1=X1%#X1+Y1%Y1

R2=X2%X2+Y2%Y2

51=00

52=00

YT=Y(TI LT ) *X2=Y(T+1 oL T ) %X14+YIH(X(I+2oLI)-=-X{IsL1))
XT=X1%#X2+Y1%*Y2

TETA=ATANZ2(YT +XT)

IFCALPHA(J L) «EQeVs) GO TO 2
S1=TSCR{TsLT194)1%(1e~Us5*ALOGIR2/RR) 1+U5HALOGIR2/RY)* (X1 %TSCDIIsLI
193)4Y1#TSCDlT LT o2) )+ TETA¥(XI*TSCD(IsLI92)-Y1I%¥TSCD(I9LTI»3))
TETAL=TSCD(JsLJI»1)=-TSCD(IsLis1)
52=0,5*SINITETAL1)*ALOG(R2/R1)+COSITETAL)I*TETA
$3=-52

GO TO 4
S1=TSCOUTsL124)1%(1e~ALOGITSCD(IsLI24)/24/R))
$2==Pl

53=-pI

AlLJIs TT)=ALPHALJ LI ) %S14+BETAL(JsLJ) ¥S2+BETA2(JrLJ) %53
M=0

DO 5 L=1,yN0

M=M+N(L) -1

JJJ=0

DO 6 L=1sNO

NN=N(L) -]

JAJI=JJJ

JJIJI=JJIJ+NN

DO 6 J=1sNN

JJ=JAJ+J

BlJJI=GAMMA(JsL)

CALL ARRAY(29MsisNAXDIMINAYDIMIAIA)

CALL SIMQ(AsIBIMIKS)

IF (KSeNELO) PRINT 1uUwv

FORMAT(1HO»18HSYSTEM IS SINGULAR)

JJJ=0

DO 7 L=1sNO

NN=N(L)=-1

JAJ=JJJ

JJJI=JJJ+NN

DO 7 JU=1sNN

JJ=JAJ+J

CH(JsL)=B(JJ)

DO 8 L=1sNO

NN=N(L)=-1

SCH{L)=U,

DO 8 I=1sNN
SCHIL)=SCHILY+TSCD(IsLs4)%¥CH( L)
IF(NX~1)1799s10

DX=0.

GO T0O 11

DX= (XMAX=~XMIN}/FLOATI(NX~-1)

IF(NY=1)17912913
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12 DY=0.
GO TO 14
13 DY={YMAX-YMIN)/FLOAT(NY=-1)
14 DO 16 Il=19NX
XJ=XMIN+FLOAT(11~1)%DX
DO 16 JJ=1sNY
YJ=YMIN+FLOAT(JJ~-1)%DY
AlT1sdJ0)=0,
DO 16 LI=1yNO
NN=N{L1)=1
DO 16 I=1,NN
X1=XJ=-X(1sL 1)
X2=XJ=-XU{+1sL1)
Yi=YJ=-Y{(1sL1])
Y2=YJ=Y(I+1l+L1)
R1=X1%X1+Y1#Y1
R2=X2%¥X24Y2%Y2
IF((R1¢EQeVe) wORW [R24EQeO4)) GO TO 15
YT=YCIsL 1) #X2~Y T+ 1L 1) 2 X14Y ¥ (X T+1sL1)=-X{IsL 1))
XTaX1#X24Y1*Y2
TETA=ATAN2(YTsXT)
S1=TSCDI1sL194)1%(1,~0,5%ALOGIR2/RRI 1 +VU5%ALOGI(R2/R1)* (. 1%TSCD(I+L1
1930 4Y1*¥TSCOUTsLT92) ) +TETARIXI*¥TSCDA Il T92)=Y1%TSCD(IsL193))
GO TO 16
15 S1=TSCOUTsL194)%#(1.-045%ALOGI(RI+RZ)/RR))
16 ALTIIoJII=ATTT9JD)+S1%CHITSLT)
17 RETURN
END
SUBROUTINE CPWE(W»SsHsL sCHI)
DIMENSTION N(3)sX(7us3)sY(70+3) s ALPHA{T053)sBETALI{T0s3)
1BETA2(7V53) 2GAMMAL 7033 ) s CHITU3)sSCHI3) s TSCDITU39A)2A111812181)
REAL L
COMMON/HELP/Z2(2525252)
EQUIVALENCE (Z29A1)
NO=3
N(1)y=41
N(2)=70
N(3)=T70
EO=1e/(4¢%3014159%2,499776%2e995TTHE+VY) L\
FACTOR={1,VE~U5)%(1./0a393700) 2& A\ g
DELW=W/40, o \g\\ \
DELG=(L/2."W/20"S)/69. % \3,

X(1s1)==W/20

I S
=]y b %

1P1=1+1 \Q&\\Sﬂ \%S;\%

X(IP191)=X{1s1)+DELW Q& %k

Y(IP1s1)=Y(1s1) Q§§§

ALPHA(I»1)=14 ‘%\\

BETAL(1+1)=0, Q\‘&\

BETA2(1,1)=0,

26 GAMMA(ls1)=1.
K(192)==L/2
Y{1+2)=0,
X(1931=L/2.
Y(1s3)=0,

DO 27 1=1469
IP1=1+1
X{IP192)=X{192)+DELG
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YUIP192)=Y(1s2) '
X{IP193)=X(1+3)-DELG ‘
YUIP193)=Y(1+3)

ALPHA(Is2)=1.

BETAL1(192)=0,.

BETA2(132)=0,

GAMMA(1521=0,

ALPHALIs31=1,

BETA1(1+3)=0.

BETA2(193)=0,

GAMMA(1+3) =0,

XM1N=0.

XMAX=0.

YMIN=0.

YMAX=0,

NX=0

NY=0

IDIM=70

R=1,0E+05

NAXDIM=181

NAYDIM=181

CALL LPLACE(NOsNsXsYsALPHASBETAL1sBETA2>GAMMAICHISCHIIDIMIRY TSCDY
IXMIN XMAXINXs YMIN s YMAXsNY s NAXDIMINAYDIM)

CH1=5SCH(1)%6.2831852%E0

RETURN

END

SUBROUTINE LPLACE{NOsN3sXsYsALPHAYBETA19BETA29GAMMAICHISCHs IDIMIRY
1 TSCDYXMINsXMAX sNXs YMIN s YMAX sNY sNAXDIMsNAYDIM)

DIMENSION X(IDIMsNO)sY(IDIMINOY sALPHATIDIMINO) sBETAL(IDIMINO} »
1BETA2UIDTMINO) s GAMMACIDIMINO} sCHUIDIMINO) s TSCDUIDIMINO 43 sNINO) »
2A1 (18191811 »SCHINC) 281180)

COMMON/HELP/Z2(252+,252)

EQUIVALENCE(Z AL}

P1=3.1415926

RR=R*R .

00 1 L=1,NO

NN=N(L) =1

DO 1 I=1,4NN

XI=X(l+1sL)=X{1sL)

YI=Y{I+1sL)=Y{IsL)

TSCDIIsL 1) =ATANZ(YEaX])

TSCD(1sL+2)=SINITSCO(IsL 1))

TSCD(T9L93)=COSLTSCD(IsLs1))

TSCO({1sL94)=SQRTUAI®XI+YI*Y])

JJJ=0

DO & LJ=1»NO

NJd=N{LJ) -1

JAI=JJJ

JII=JJI+NJ

DO 4 J=1sNJ

JI=JAJ+J

XJ= (X sLJI+X I+ 9L U) I/ 20

YI= (Y (JsLJI)+Y(J+1sLI)) /2,

111=0

DO 4 LI=19NO

NI=N(L]I)=1

I11=111+NI

IAl=111=NI

DO 4 I=14NI
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T1=TAL+1]
IF{ITI.EQeJJ) GO TO 3
X1=XJ=X{1sL1)
X2=XJ=X(I1+1sL1])
Y1=YJ=Y(IsL 1)
Y2=YJ=Y{I+1sL1)
R1=X1%¥X1+Y1#%Y1
R2=X2%X24Y2%Y2
S1=0.
$2=0.
YT=Y( oL Ty %X2=Y{I+1 oL 1) #X1+YI¥(X(T4+1sLT)=X{1sL1))
XT=X1%¥X2+4Y1%*Y2
TETA=ATAN2(YT»XT)
IF(ALPHA(JLJ) «EQeVe) GO TO 2
S1=TSCDOILT94)*#(14-Ue5*¥ALOGIR2/RR) ) +U45*ALOGIR2/R1}*(X1%TScD(1IsL]
193)4Y1¥TSCOUT LT 92) )4+ TETARIXIHTSCOIT oL 92) =Y 1 %TSCDLTBLI93) )
2 TETAL=TSCD(JrLJ»1)=TSCD(IsLIs])
52=0,5%SIN{TETA1) *ALOG(R2/R1)+COSITETAL1)*TETA
$3=~52
GO TO &
3 S1=TSCO( 1L 194)%(14~ALOGITSCDIsLIv4)/24/R))
»52==P1
53=-pl
4 A(JJ’II)=ALPHA(J’LJ)*51+BETA1(J’LJ)*52+BETA2(J’LJ)*SB
M=0
DO 5 L=1yNO
5 M=M+N(L)=-1
JJJ=0
DO 6 L=14sNO
NN=N({L)-1
JAJ=JJJ
JJIJ=JJJI+NN
DO 6 J=1sNN
JI=JAI+I
6 BUJJI=GAMMA(JsL)
CALL ARRAY({2sMsMsNAXDIMINAYDIMIASA)
CALL SIMQ(AsSBIMsKS)
IF (KS<NEO) PRINT 10U
100 FORMAT(1HUs18HSYSTEM IS SINGULAR)
JJJ=0
DO 7 L=13sNO
NN=N{L) =]
JAJ=JJJ
JJIJI=JJJ+NN
DO 7 J=14sNN
JI=JAJ+J
7 CHUJsL)=B(JJ)
DO 8 L=1sNO
NN=N(L) =1
SCH(L)=0,
DO 8 I=1yNN
8 SCHIL)=SCHIL)+TSCD{IsLo4)*CHIT L)
IFINX~1)1799510
9 DX=0.
GO 70 11
10 DX=(XMAX=XMIN)/FLOAT(NX~-1)
11 IF(NY~1)17912913

12 DY=0.
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GO TO 14

DY=(YMAX-~YMIN)/FLOAT(NY=1)

DO 16 I11=1sNX
XJ=XMIN+FLOAT(1I-1)*DX

DO 16 JJ=1sNY
YJ=YMIN+FLOAT(JJ~11)%DY

Alllsdd)=0.

DO 16 LI=19NO

NN=N{L1)-1

DO 16 I1=1sNN

X1=XJ=X{]sL])

X2=XJ=X{1+1l:L1I)

Yl=YJ=-Y(1,sLI)

Y2=YJ=-Y({I+1lsLD)

R1=X1%#X14+Y1%*Y]

R2=X2¥X2+Y2%Y2
IF((RlOEQ.OQ).ORO(RZOEQOOO)) GO TO 15
YT=Y(Tol ) *Xo~Y{ I +1 oL 1) % X1+YI¥(X(I+2oLI}~X(IoL 1))
XT=X1%X2+Y1%*Y2

TETA=ATAN2(YT s+ XT)
S1=TSCO(IsLI24)%(14~045%ALOGIR2/RR) ) +0.5*ALOGIR2/R])* (X1#TSCD 1L ]
193)4Y1%¥TSCOITsLT92) )+TETA¥(XI*TSCO(T LI 92)~YI*TSCD(I»LI93))
GO TO 16
S1=TSCD{IsL T 94 ) %#{1e~Ue5%ALOGI{R1I+R2)/RR) )
ALTTJJ)=A(TI9JU)+S1%*¥CH(IHLI)
RETURN

END

SUBROUT INE ARRAY (MODEs*IsJsfiMsSsD)
DIMENSION S(11sD1 1)

NI=N~I

IFIMODE~1) 10U:100,s12V

TJd=1%J+1

NM=N*J+1

DO 110 K=1lysJ

NM=NM-N1

DO 110 L=1l»s1l

1J=1J-1

NM=NM-1

DINMI=S(1J)

GO TO 140

1J=0

NM=0

DO 130 K=1lyJ

DO 125 L=1s1

1J=1J+1

NM=NM+1

S(I1J)=D(NM)

NM=NM+N1

RETURN

END

SUBROUTINE SIMQ{AsBsNKS)

DIMENSION A(1)sB(1)

TOL=0.0

K$=0

JJd==N

DO 65 J=1sN

JY=J+1

JJI=JJ+N+1

BIGA=0.
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1T=J4J-J

DO 30 I=J»N

1J=17+1

IFtABS(BIGA)=ABSIA(1J))) 20530,30
BIGA=A(1J)

IMAX=1

CONT INUE

IF(ABS(BIGA)=TOL) 35935»40

KS=1

NET
RETURH

11=J+N*(J=2)
IT=IMAX=J

DO 50 K=Js»N
Il=11+4N

12=11+1IT
SAVE=A(I1l)
AlI1)=A(12)
Al12)=SAVE
AlI1)=A(11)/BIGA
SAVE=B{ IMAX)
B(IMAX)=B(J)
B(J)=SAVE/BIGA
IF(J=N) 55970955
1QS=N*{J~1)

DO 65 IX=JYsN
IXJ=1QS+1IX
[T=J~1X

DO 60 JX=JYsN
IXJIX=N®(JX~1)+]IX
JIX=IXIX+IT
ALIXIXI=ALIXIX)= (AL TIXJ) ¥4 (JIX))
BLIX)=B(IX)=(B(JI*A(IXJ))
NY=N-1

IT=N#*N

DO 80 J=1>NY
I1A=1T~J

18=N~J

IC=N

DO 80 K=11J
B(IRI=B(IB)~A(TA)*¥B(IC)
IA=1A=N

IC=1C~1

RETURN

END
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Appendix C
LISTING OF PROGRAM IM

PROGRAM IM{INPUT»OUTPUT)
REAL L

READ 1» NSETS

1 FORMATUI10)

D0 2 MNelsMSETS

READ 3 WoHsToLsERTANDY s SIGMA
3 FORMAT(7F1046)

TAND1=TAND1*1.0E~-04

SIGMA=STIOMARL e UL+0T

PRINT 8
a8 FORMAT(1H #//7/1H »*STRIP METALIZATION THICKNESS

1%)

PRINT 49 WeHsTHrLsERsTAND1 »SIGMA
4 FORMATUL1HU s 2HW=9F5,193X92HH=9F54193X92HT=9F5,133X92HL=>

1F10.693Xs3HER=1F1V.633X>6HTAND1=9E1043393X+6HSIGMA=9EL1063)

FACTOR=(1eVE~U5)%(1,/Ve393700)

W=w*FACTOR

H=H*FACTOR

T=T*FACTOR

L=L*FACTOR®(14E+u3)

E1=ER

E2=ER+V.01*ER

CALL SUSMSF{WsHsTsLsE1*SIGMA*C+PDDSQ)

PDDSQF=PDDSQ

CALL SUSMSF(WsHsTsLsE29SIGMAYCPPDDSQ)

CALL SUSMSE(WsHsTsLsCE)

A=C*CE

B=CE/C

23214/ {3 ,E+UB)IXSQRT(A))

V=3 .,E+08%SQRT(B)

ARG1=8B

ARG2=CE/CP

ER1=1+/ARG1

ER2=1+/ARG2

FACTC=1v./2-3

FACTD=2743/3.E+U8

AC=FACTCxPDUSQF ¥t R1%#Zv

AD=FACTD*(EF1/SORT(ER1)I* L {EK2~ERY}/(E£2-E1} ) #TAND1

PRINT 5
5 FORMAT(1HU1X98HZU(QHMS) #65Xs8HVIM/SEC) 95X

120HALPHACIDB/M) /SQRT(F ) s5X 9 14HALPHAD(DB/M) /F)

PRINT 69203V sACIAD
6 FORMAT(IH 12X9F64294X9E104398X2E10+3911X9E1043)
2 CONTINUVE

sSTOP

END

SUBROUT INE SUSMSF{WsHITHsLIER»SIGMAYCHRGIPDDSQF)

DIMENCION N(6)sX(5196)3Y(5196) s ALPHA(51+6) sBETAL(516)

1BETA2(5196) sGAMMA(5156) sCHI{5196) sSCHIS5) »TSCD(519694)9A(2381+238)

REAL L

COMMON/HELP/21(2389238)

EQUIVALENCE(ZA)

NO=6

N(1)=43

Nt2)=41

N(3)=41

N(4}=31

N(5)=31

N(6)=51 58 -
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. » ‘E0=14/(44%3414)59%2,99776%2+99776E+09)
AAA=3.164159%4 E~0T%3.14159/SIGMA
RDSQF=SQRT(AAA)
FACTN=44%3414159%3414159%RDSQF*8+85E-12
FACTD=4e%3414159%]14E~07
FACTL=FACTN/FACTD
FACTOR=(140E-U5)%(1,/04393700)
s | . DELW=W/20.
E=ER*EQ
X(191)==W/2.
Y(1+1)==0425%FACTOR
DO 26 I=1:20
IP1=1+1
XCIPLs1)=X(191)+DELW
26 YU{IP1s1)=Y(1s1)
X022511=X{21s1)
Y(2251)=0.
DO 27 1=22441
IP1=1+1
X(IP1s1)=X(1+1)=DELW
27 YUIP1s1)=Y(1s1)
X(43591)=X{1»1)
Y(4351)=Y(19]1)
DELG=(L/24)/40,
X(192)==1/20
Y(1s2)==5
X(193)=L/20
Y(193)==8
DO 28 I=11y40
IP1=1+1
X(IP192)=X{1+2)+DELG
Y({IP1s2)==$
X(IP193)=X(1+3)=DELG
28 Y(IP123)=-5
NELSUB=(/24=W/2,)/30, e n
X(1s4)==L/20 T v el
Y(1s4)=v, oy al e .
X(1s55sL/20 eyt ML
Y(1s5)=0, L
DO 29 1=1+30
IP1=1+1
X{1P194)=X(1+4)+DELSUB
Y(IP1s4)=Ue
X{IP195)=X(155)~DELSUB
29 Y(IP1+5)=0.
DELH=H/2,
DELL=L/46.
X(1s6)==L/20
Y{146)=0,
X(49+6)=1/24
Y(4946)=H
DO 30 I=112
1P1=1+1
IP49=1+49
1P49M1=1P49~1
X(IP196)=X(1+6)
Y(IP1s6)=Y(146)+DELH
X(IP4996)=X(IP4IML6)
30 Y(1P4956)=Y(IP49M1+6)~DELH

BRI R I Y41 ”h'b“‘ifﬂ'
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DO 31 I=ls46

IP3=1+3

1P3M1=1P3~1

X{IP3+6)=sX{IP3M196)+DELL

31 Y(IP3s6)=H
DO 60 I=1942
ALPHA(I’1)=10
BETA1(1,1)=U,
BETA2{1+1)=0,
60 GAMMA(I»1)=1,
DO 61 I=1s40
ALPHA(Ts20=).
ALPHA(193)=1.
BETAL(1+2)=0,
BETAL1(193)=0,
BETA2(152)=0.
BETA2(Is3)=V0.
GAMMA(192)=0,
61 GAMMA(193)=0,
DO 62 I=1930
ALPHA{I+4)=0,
ALPHA(1+5)=0.
BETAL(1+4)=E0
BETA1(1s5)=E
BETA2{1s4)=Et
BETA2{1+5)=EV
GAMMALI+4) =V,
62 GAMMA(I95)=U,

! DO 63 I=1:50
ALPHA(1s6)=0,
BETAl(ly6)=E
BETA2(1s6)=EL

63 GAMMA(Is6)=U,
XMIN=0:
XMAX=U .
; YMIN=0,
YMAX=00
NX=0
NY=0
IDIM=51
R=1,0E+08
NAXDIM=238
NAYDIM=238
CALL LPLACF(MOINsXsYsALPHASBETALSBETAZ yGAMMAICH»SCHy IDIMIRITSCD
IXMIN s XMAXINXs YMINs YMAXeNY sNAXDIMsNAYDIM)
DELF=W/20.
DELE=0+25*FACTOR
FF1=6+2831852%E*DELF
FF2=642831852#E0%DELE
FF4=6¢2831852*%EU*DELF
CHRG=0.
DO 50 I=1,s20
50 CHRG=CHRG+FF4%¥CH{I+1)
DO 51 1=22941
51 CHRG=CHRG+FF1*CH(I»1) .

CHRG=CHRGHFF2* (CH(2191)+CH(4221))

SUM=0e

DO 64 J=19ND

IF(ALPHA(1sJ)eNEsle) GO TO 64

60
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NJ1=N(J)=1
DO 65 I=19NJ1
IP1=1+1

SEGX=X{1P1lysJ)~X(1:J)
SEGY=Y(IP1sJ)=Y(1yJ)
SEGARG=SEGX*SEGX+SEGY*SEGY
BEGLEN=SORT ( SEGARG)
SUM=2SUM+CH{T s J) ¥CHU I 2» JIXSEGLEN
CONTINUE

PDDSQF=FACTL*SUM

CONTINUE

RETURN

END

SUBROUTINE LPLACF(NOINsXsYsALPHAYBETA1'BETA2»GAMMA»CHsSCHY» IDIMIR
1 TSCDsXMINsXMAX:NXsYMIN» YMAXSNY sNAXDIMeNAYDIM)

DIMENSTON X{UIDIMaNO} »Y(IDIMINO) sALPHACIDIMINO) s BETALUIDIMINO) »
1BETA2(IDIMINO) yGAMMALIDIMINO) sCHIUIDIMoNO) s TSCDUIDIMINO 24 ) »NINOY »
2A(2389238) 9SCHINO) »B(237)

COMMON/HELP/Z2{238+238)

FQUIVALENCE(Z AN

PI=341415925

RK=R*R

DO 1 L=1NO

NN=N(L)~1

DO 1 1=1sNN
XI=X{I+1sL)=X{]Is0L)

YI=Y(I+1sL)=Y{]IsL)

TSCD(IsL 21 )=ATAN2{YIsX1])

TSCD{I»L 22)=SIN(TSCD(1sL 1))

TSCD(I2L 93)=COSITSCD(IsL 1))

TSCDUI 9L 94)=SQRT(XI*XI+YI*Y])

JJJd=0

DO 4 LJ=15NO

B GUFT AVALAE T
e PERGAIT FULLY LEG

JJ=JAJ+)

XI= (X (et JY+X (410l 1)) /2,
Y=Y (JsLI)+Y(I+19LU) 1/ 20
11i=0

DO 4 1.I=15NO

NI=N(LI)=1

111=111+N1

IAI=111=NI

DO 4 I=1yNI

I1=1AI+1

IFLIT1EQeJJ) GO TO 3
X1=XJ=X51sL 1)
X2=XJ-X(I+1sL1)
Y1=YJ=Y{IsLI)
Y2=YJ-Y{I+1:L1)
R1~X1#X1+Y1%Y]1
R2=X2%X24Y2%YZ

SL=0.

52=0.

YT=Y(ToL ) ¥X2=Y T+ oL 1) ¥XI+YIH(X(I4+2oL1)=X (1L 1))
XT=X3%X2+Y1%Y2
TETA=ATAN2(YT s XT)
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k * * IFLALPHA{JYLJ) 4EQev,) GO TO 2
. S1=TSCOUIsLI94)%{14~0e5%ALOGIR2/RR) 1+U,5%ALOGIR2/R1I* (X1 *TSCD(TsL I
: 193)+Y1*#TSCDITHLT22) )+TETARIX1%TSCDII LI »2)~-Y1%TSCDI19LI»3))
. 2 TETAL=TSCD{JsLJs1)~TSCDLIsLI1)
52=0,5*%SINITETAL) *ALOGIR2/R1)1+COSITETAL) *TETA
1 $3=-52
t GO TO 4
' 3 S1=TSCO(IsL154)%()e~ALOGITSCDII L 14)/2e/R))
, S2=-P1
$3=~-p}
4 ALJIIsI1)=ALPHALI LI ) #S1+BETAL U2 LI #S24BETA2 I LI) %53
- . ¢ M=20Q
k> ) DO 5 L=1:sNO
: ! 5 M=M+N(L) -1
] JJJ=0
; DO 6 L=1,NO
NN=NIL)~1
1 ! JAJ=JJJ
' JJI=JJJ+iN
DO 6 J=1sNN
f JI=JAI+J
: 6 BULJJI=GAMMA [JsL)
CALL ARRAY(2»MsMsNAXDIMINAYDIMsAsA)
CALL SIMQUASBIMIKS)
b : IF (KSeNE.u) PRINT 1uv
4 100 FORMAT{1HO»18HSYSTEM 1S SINGULAR)
R JJJ=0
' ' DO 7 L=14NO
¥ : NN=N(L) -1
b JAJ=JJJ
& ‘ JJIJ=JJJ+NN
D0 7 J=14NH
JJIsJAI+I
7 CH{JHL)=BIJID)
DO 8 L=1sNO
g NN=NLY=1
" SCHIL)=U,
DO 8 JI=1yNN
8 SCHIL)=SCHIL)+TSCN{ 1oL 34 ) #CH(T L)
IF(NX=1)1799s)v
9 DX=0.
GO TO 11
10 PX=(XMAX=XMIN)/FLOAT(NX=-1)
11 IF(NY=-1117+12513

12 DY=0.
GO TO 14
13 DY=(YMAX=YMIN)/FLOATI{NY~])
14 DO 16 II=1sNX
XJI=XMIN+FLOAT(I1~-1)*DX
DO 16 JJ=1sNY
YJ=YMIN+FLOAT(JJ~1)%DY

AlTT9JJ)=0.
DO 16 Li=1sNO
NN=N(LI)~1

DO 16 I=1sNN
X1=XJd-X{IsL1)
X2=XJ=X{[+1sL1)
Yi=YJ=Y(1,sLI)
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. Y2=YJ-Y{1+)1sL1)
R1=X1#X1+Y1 %Y1
F R2=X2%X24Y2*Y2
3 IFI{R1eEQeVs)«eOReIR2.EQ0.) )} GO TU 315
18 YTaY (Dol 1) ¥X2=Y (1oL I X 14 YUR(XOT 4 o LIV -X(ToL T}
] XT=X1#X2+Y1%#Y2
. TETA=ATAN2{YTHXT)

S31=TSCOl 1L T24)% ()1 4~U,5%ALOGIR2/RR) 14V SHALOGIR2/RY ) IX1%TSCD 1oL Y

19304 Y1%TSCDI LT 2 2) Y +TETARIXIRTSCD L 9LI 221 =Y I*TSCDI9LI3))

GO TO 16
15 S1=TSCO{IsL194)%{1.~Us5%ALOGL(RI4+R2}/RR)}
16 ACTToJUI=A(TT o JUY4S1%CHT L]
17 RETURN

END

SUBROUTINE SUSMSE(WsH»TsbL 1CH1}

DIMENSION N(3)sX(TUs3)sY(TUs3 12 ALPHA(TU3) sBETALITU3)»

1BETA217U»2) sGAMMAL TU3 ) »CHETO3) s SCHI3) s TSCDITU394)9A1(1815181)

REAL L

COMMO/HELP/2(2381+238)

EQUIVALFNCELZ»AY)

NO=3

N(1ly=4])

N(2)=T70

N{3)=70

EO=)e/{44%#3414759%2,99T76%2¢99776L+0Y)

FACTOR={1,UE~U51%11,/0)+3937U0)

DELW=W/40.

DELG=(L/2.1/69.

X({lyll=~W/2

Y{ls1)=U,

DO 26 1=1940

IPl=1+1

A{IP1s1)=X{1,1)+DELY

Y{IP1s1l)=Y{1y1}

ALPHA(T 1) =1,

BETAl({I»11=0,

BETA211+1)=0,
26 GAMMA(I»1)=1.

XY a2)=ep /20

Y(14+2)==5

X(193)=L/2

Y{l-2)==~=5

DO 27 I=1+69

1Pl=1+1

X{IP)»21=X{192)+DELC

Y(IP192)=Y{12)

X(IP1»3)=X(1+3)1-~DELG

Y({P193)=Y(]+3)

ALPHA(152)=1,

BETAl(1+2)=0.

BETA2{1+2)=0,

GAMMA([s2)=0,

ALPHA(]Is3)=1.

BETAL(1+3)=0,

BETA2(1+3)=0,
27 GAMMA(I93)=0.

XMIN=0.

XMAX=0.

YMIN=00
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YMAX=U,

NX=0

NY=0

1DIM=70

R=1 OOE+US

NAXDIM=181

NAYDIM=181

CALL LPLACE(NONy»XsYrALPHAYRETAL'BETA2»GAMMAYCHISCH IDEMIRI TSCD
IXMINS XMAX o NX o YMIN YMAX sNY s NAXDIMANAYDIM)
CH1=SCH{1)*6.2831452*EV

RETURN

END

SUBROUTINF LPLACE(NQIN X s Y 2ALPHAYBETAL'BETAZyGAMMAYCHISCHY IDIMIRY
1 TSCDPXMINIXMAX s NYX 2 t 1IN YMAXSRY s NAXDIMINAYD (M)
DIMENSION X{UIDIMINO)»YCIDIMsNO) 2ALPHALIDIMINO) »BETALIIDIMINO) »
1BETA2{IDIMINO) sGAMMALIDIMINO) sCHUIDIMINO) s TSCDCIDIMsIU4) s NINO) »
2A1(1819181)»SCHINO)BL18D)
COMMON/HELP/2(238,248)

FQUIVALENCE{Z»Al)

Pl=3.1415926

RR=R*R

DO 1 L=14NO

NN=N(L) =1

DO 1 I=1sNN

XI=X{IelsL)=X{IsL)

YI=Y(I4+1,L)=Y{IsL)

TSCD(IsL91)=ATANZ2(Y1sX1)
TSCO(IsLs2)=SINITSCDIT L 91))
TSCDUIsL»3)=COSITSCD{IaL 1))

TSCDUIsL s4)=SQRTIXT*XI+YI %Y 1)

JJJ=0

DO 4 LJ=19NO

NJ=NI(LJ) =1

JAJ=JJIJ

JJIJI=JIJ+NI

DO 4 J=1:NJ

JJI=JAJ+I

XJI= (X (I LIV +X{I+19LI) )/ 20
YId=s(YUJs LN +Y(J+1sLJ)) /20

11i=0

DO 4 LI=19ND

NI=N(LI)~1

ITI=111+NI1

TIAI=11I=NT

DO 4 l=1,NI1

{I=1Al+1

IF(I1.EQeJJ) GO TO 3

X1=XJ~X{1sL 1)

X2=XJ=X{1+1sL1)

Y1=YJ=Y{(]sLI)

Y2=2YJ-Y{1+)LL1)

R1=X1%*X1+Y1*Y1

R2=X2¥X2+Y2*#Y2

51=0,

52=0,

YT=Y(IoL I)*X2=Y (T4l LTI ¥X2+YI*¥{X(]+1oLI)~X(IsL 1))
XT=X1%¥X24Y1#Y2

TETA=SATANZ2SYT e XT)

IF(ALPHA(JLJ) «EQsU,) GO TO 2
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S1=TSCD 2L 24)1%#(1,~Va5*ALOGIR2/RR) )+0.5%ALOGIR2/R1)*(X1*TSCD (1oL

193)4Y12TSCDUIILT92) )+ TETARIXIXTSCD T 9LT152)=Y1*TSCD(IsLI*3))
2 TETAL=TSCD!JsLJ»1)~TSCD(IsLI>1)

52=0,5%5IN(TETAL)*ALOG(R2/R1)+COSITETAL)I*TETA

53=-§2

GO TO 4
2 S1=TSCO{IsLI»4)%¥{14-ALOGITSCD(I2LI4)/24/R))

S2==P|

$3=-pi
4 AUJUTI)=ALPHALJILI)*S1+BETAL(J»LJ) *S2+BETAZ{JsLJ) %53

M=0

DO 5 L=1sNO
5 MaM+N(L)-1

JJJ=0

DO 6 L=1sN0O

NN=N(L)=1

JAJ=JJJ

JIJ=JII+NN

DO 6 J=1NN

JJI=JAJ+J
6 B(JJII=GAMMA(JsL)

CALL ARRAY (2" sMsNAXDIMINAYDIMsAA)

CALL SIMQ(AsBIMIKS)

IF (KSeNE.v) PRINT 1luu

1U0 FORMATU1HU»18HSYSTEM IS SINGULAR)
JJJ=0

DO 7 L=1,NO . DQES m’ﬂ
NN=N(L) ~1 “AB“ 10 BBG —
GOPY AVALAGLL UGTION
NANENNNFIYY . Y LEGmLE ?Rﬁﬁ

DO 7 J=1sNN F{g‘ﬁ“ R“.‘.

NNERTWY
7 CHUJsL)=B(JJ)

DO & L=1,NO

NN=NEL) =1

SCHIL)=v,

DO 8 I=1,NN
g SCHIL)=SCHIL)+TSCD (1L ) %*CHIT L)

IF (NX=1)179s1u
9 DX=0e

60 TO 11
10 DX=(XMAX-XMIN) /F* OAT (NX~1)
11 IFINY=1)17512513

12 DY=0.
GO TO 14

13 NY=(YMAX=YMIN)/FLOAT(NY=-1)

14 DO 16 1I=1»NX
XJ=XMIN+FLOAT(11~-1)%DX
DO 16 JJ=1sNY
YJ=YMIN+FLOAT(JUJ=-1)*DY
AlLl,JJ)=0,
DO 16 LI=1sNO
NN=N(L]1)~1
DO 16 I=15NN
X1=XJ~X(1sL1)
X2=XJ=X({I+1sL 1)
Y1=YJ=Y(]sL1)
Y2=YJd=Y(1+1sL 1)
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R1=X1#X1+Y1#Y]
R2=X2%¥X2+Y2#Y2
IF({R1.EQsQe)eORe{R24EQe0s)} GO TO 15

YT=Y (LTI #X2=Y (141 oL 1) ¥X1+YIRIX(T41sLI}=X{1sL 1))

XT=X1%#X2+Y1*Y2
TETA=ATAN2(YTsXT)

S1=TSCDITILT 94} %(14-0e5%ALOGIR2/RR) ) +V¢5*ALOG(R2/R1)I*{X1*TSCD( L1
103)4Y1%TSCD(T2LT192) )+TETARIX1*TSCO(TsLI»2)-Y1#TSCDIIsLI93))

GO TO 16
S1=TSCD(TsLl04)%(1e=Ne5%ALOMBI(R1+R2)/RR) .,
ALTIJJ)=ALTT s U +S1%CH{I»L])
RETURN

END

SUBROUT INE ARRAY (MODEsIsJsNsMsSsD)
DIMENSION S(1)sD(1)
NI=N-1

IF(MODE~1) 100,100,220
1J=1%8J+1

NMaN*J+1

DO 110 K=19J

NM=NM=NI

DO 110 L=1sl

1J=1J=1

NM=NM-1

DINM)=S(1J)

GO TO 140

1J=0

NM=0

DC 130 K=1sJ

DO 125 L=1sl

1J=1J+1

NM=NM+1

S(1J)=DiNM)

NM=NM+N1

RETURN

END

SUBROUTINE SIMQ{AsBsNsKS)
DIMENSION A(1)sB(1)
TOL=0e0

KS$=0

JJ==N

DO 65 J=1sN

JY=J+1

JJI=JI+N+]

B81GA=0.

1T=J0d-J

DO 30 I=JsN

1J=1T+1]
IF(ABSI(BIGA)=ABS(A(TIJ))) 209304530
BIGA=A(1J)

IMAX=1

CONTINUE
IF(ABS(BIGA)~TOL) 35135540
KS=1

RETURN

11=J4N*(J=2)

IT=1MAX-J

DO 50 K=JsN

I1=114N
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12=11+IT

SAVE=A(I11)

AlIl)=Al12)

A(12)=SAVE
ACIL)=A(11)/BIGA
SAVE=8( IMAX)
B(IMAX)=B(J)
B(J)=SAVE/BIGA

IF({J=N) 55970455
IQS=N*{J=1})

DO 65 IX=JYsN
IXJ=1QS+1X

IT=J~1IX

DO 60 JX=JYsN
IXIX=N*®(JX=1}+IX
JIX=IXIX+IT

ACIXJUX) =2ACTIXUX)=(ALTIXII2A(IIX) )
BUIX)=BlIX)=(BIJY*ALIXU))
NY=N=1

IT=N*N

DO 80 J=1sNY

IA=1T~J

18=N=J

1C=N

DO 80 K=1sJ
B{1B)=B(IB)~A{IA)*B(IC)
IA=1A=-N

IC=1C-1

RETURN

END
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Appendix D
LISTING OF PROGRAM TIM

PROGRAM TIM
REAL L
READ 1y NSETS
1 FORMAT(110)
DO 2 MN=1sNSETS
READ 39 WsSsHsTsLsERsTAND1»SIGMA
3 FORMAT{8F1046)
TAND1=TAND1#14VE~04
SIGMA=SIGMA*1VE+0T7
PRINT 8

8 FORMAT{1H #////1H »*STRIP METALIZATION THICKNESS = 250 MICROINCHES

1%)
PRINT 4 WeSsHsT:LsER»TAND1I »SIGMA
4 FORMATU1HO 9 2HW=>F54193X92HS=9F 54193 X92HH=9F54193X22HT=9F5,1
13X92HL=9F10,693X93HER=»F1V693X93HTANDL=9E20:393X96HSIGMA=2E10,3)
FACTOR=(1.0E=05)%(14/V«393700)
W=W*FACTOR
S=S*FACTOR
H=H*FACTOR
T=T#FACTOR
L=L¥FACTOR*(14E+03)
E1=ER
E2=ER+VU.01*ER
CALL TIMF(WseSsHsTsLIEL»SIGMACHPDDSQ)
PDDSQF=PDDSQ
CALL TIMF({WsSsHsTrLsE29SIGMAICPPDDSQ)
CALL TIME(WsSsHs»ToL»CE)
A=C¥*CE
B=CE/C
20=14/((3,E+08)%SQRT(A))
V=3 ,E+08%SQRT(B)
ARG1=8
ARG2=CE/CP
ER1=1./ARG1
ERZ2=1+/AR02
FACTC=104/243
FACTD=27e3/3E+08
AC=FACTCxPDDSQF*ER1*2v
AD=FACTD*(E1/SQRT(ER1I ) ) *¥ ( (ER2-ER1}/(E2-E1)1 )% TANDL
PRINT 5
5 FORMAT (1109 1Xs8HZU(OHMS) 95X 98HVIM/SEC) 35X
120HALPHAC(DB/M)/SQRT(F) 95X 14HALPHAD{DB/M) /F)
PRINT 62209VHACAD
6 FORMAT(1H 92XrF64294X2E10,398X9E10,3511X3E10,43)
2 CONTINUE
STOP
END
SUBROUTINE TIMF(WsSsHsTsL+ER»SIGMAsCHRGYPDDSQF)
DIMENSION N{6)sA{43+6)9Y{4396) 9sALPHA(G396) sBETAL(4396)
1BETA2(4396) yGAMMA( 4336 ) sCHI4396) sSCHI6) »TSCDI439694)9A(1819181)
2A1(181,181)
REAL L
COMMON/HELP/A»AL
EQUIVALENCE(A»AL)
NO=6
N(1)=43
N(2)=41
-N(3)=41
N{4)=11
) 68
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N{5)=11

N(6)=34
EO=1/(4¢%#3e14159%#2.99776%2e99776E+09)
AAA=3014159%40E~0T#3414159/S1GMA
RDSQF=SQRT(AAA)
FACTN=44%3¢14159%3414159%RUSQF*#885E~12

FACTD=44#3414159%)E~07
FACTL=FACTN/FACTD
FACTOR=(1.0E-05)%#{1,/V+4393700)
DELW=W/2Q.

E=ER*EO

X(1lel)==W/2
Y{1s1)=~0425%FACTOR
DO 26 [=1,20

I1P1l=1+1
X(IP1sl)=X{Is1)+DELW
Y(IPLsl)=Y{1s1)
X(22+1)=X(2191)
Y(2251)=0.

DO 27 1222941

IPl=1+1
X(IPl91)=X{1s1)~DELW
Y(UIPLsY)=Y(1y1)
X{4391)1=X(191)
Y(4391)=Y{1s1)
DELG-‘-‘L/Z.“W/Z.“S)/ZO.
DELT=T/1i0.
DELCW2=({W/24+5)/10,
X(192)==L/2¢
Y(1ls2)=v,
X(2192)=2={W/2¢)~=5S
Y{(21+2)=0,
X(3192)=X12192)
Y(31s2)=~-T

X(4192)=0.
Y(4192)==~T
X({193)=L/2s

Y(193)=0,
X(2193)=(W/24)+S
Y(2193)=0,
X(3193)=X(2193)
Y(3193)==T
X(4143)=0.
Y(4193)==T

DO 28 1=1119

IP1=1+1
X11P1s2)=X{192)+DELG
Y{IP1s2)=0,
X{IPYs3)=X{I43)-DELG
Y(IP1+3)=0,

DO 228 1=149
1P21=1+21
I1P21M1=1pP21~1
X(IP2192)=X{IP21M1s2)
Y{IP21+2)=Y{1P21M12)-DELT
X{IP21le3)=X{1P21M193)
Y(IP21:3)=Y(IP2112)
IP31=1+31
IP31IM1=]P31~1
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X{1P3192)=X{IP31M192)+DELCW2
Y{IP31y2)=~T
X{1P3193)=X(IP31M193)~-DELCW2
Y(IP31+3)=Y(IP31,52)
DELS=5/10.
X{1s4)==W/2e=~5
Y{ly4)=0,
X(195)=W/2e+S
Y(195)=0,

DO 29 1=1,10

IP1=1+1
X{1P1s4)=X(194)+DELS
Y(IP1s4)=0e
X{IP195)=X(1+5)-DELS
Y{IP195)=0.
DELH=H/2

DELL=L/29.
X{196)=~L/2
Y{1+6)=0,
X(32+6)=L/2
Y{3296)=H

DO 30 I=1s2

IPl=1+1

IP32=1+32
IP32M1=1P32~1
XUIP1+6)=X{1+6)}
Y(IP196)=Y{1+6)+DELH
X{IP32s6)=X{1P32M1+6)
Y(IP32+s6)=Y(IP32M1s6)-DELH
DO 31 1=1,29

1P3=143

IP3M1=1P3-1
XLIP3:6)=X(IP3M196)+DELL
Y(IP3s6)=H

DO 60 I=1942
ALPHA(I»1)=1e
BETA1(I191)=0.
BETA2(191)=0.
GAMMA(151)=1s

DO 61 1=1»40
ALPHA(I42)=1e
ALPHA(1s3)=1.
BETA1{I»2)=Ve
BETA1(1s3)=0.
BETA2(152)=0.
BETA2(1»3)=0.
GAMMA(152)=0.
GAMMA(133)=0.

00 62 1=1»10
ALPHA(I54)=0.
ALPHA(15)=0.
BETA1(1s4)=EO
BETAl{1+5)=E
BETA2(Is4)=E
BETA2(15)=E0
GAMMA(194)=0.
GAMMA(I55)=0.

DO 63 1=1933
ALPHA(156)=0.
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BETAL(1s6)=E

BETA2(1+6)=E0

GAMMA(1+6)=0,

XMIN=0,

XMAX=UQ

YMIN=00

YMAX=0.

NX=0

NY=0

IDIM=43

R=140E+UV5

NAXDIM=181

NAYDIM=1¢1l

CALL LPLACFINOINsX+YsALPHAYBETAL'BETA2»GAMMAYCHSCH IDIMIR TSCD
IXMIN»XMAX s NX s YMIN YMAXsNY s NAXDIMoNAYDIM)
DELF=W/ 20

DELE=U+.25%FACTOR
FF1=6¢2831852*E*DELF
FF2=642831852*E0*DELE
FF4=602831852*EU*DELF

CHRG=0.

DO 50 1=1520
CHRG=CHRG+FF4*CH(1s1)

DO 51 I=22y41
CHRG=CHRG+FF1*CH(Is1)
CHRG=CHRG+FF2#(CH(21 1) +CH{4291))
SUM=0.

DO 64 J=19NO

IF(ALPHA(19J) eNEsle) GO TO 64

NJ1=N(J) =1
D0 65 I=11NJ1
1IP1=1+1

SEGX=X({IP1sJ)=X{]1sJ)

SEGY=Y(IP1sJ)-Y(1sJ)

SEGARG=SEGX*SEGX+SEGY*SEGY

SEGLEN=SQRT ( SEGARG)

SUM=SUM+CH( I s J) *CH( 1 J) *SEGLEN

CONTINUE

PDDSQF=FACTL*SUM

CONTINUE

RETURN

END

SUBROUTINE LPLACF{NOsN»X»YsALPHAYBETALIBETA2 sGAMMAYCHISCHYIDIMIRY
1 TSCDsXMINsXMAXsNXsYMIN s YMAX sNY sNAXD IMsNAYD IM)

DIMENSION X{IDIMsNO)sY{IDIMINO} sALPHAVIDIMINO) sBE1ALVIDIMINO) »
1BETA2(IDIMINO) s GAMMALIDIMINO) »CHUIDIMINU) 21 0LD IDIMINU»4) sNANO) »
2A11815181) »SCHINO) »B118U)sALVLBLYLEL)

COMMON/HELP/AsAl

EQUIVALENCE (AWAL)
PI1=341415926

RR=R*R

DO 1 L=1sNO

NN=N(L)~1

DO 1 I=1,4NN
XI=X{I+1,L)-X{IsL)
YI=Y(I+1sL)~Y(IsL)
TSCD(IsL 1) =ATAN2(Y s XI)
TSCD(IsL92)=SIN(TSCD(II.21))
TSCD(1sLs3)=COSITSCD(I9L 1))
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1 TSCO(IsL 94)=SQRT(XI*XI+YI*Y])
JJJ=0

DO 4 LJ=11NO
NJ=N{LJ) =1
JAJ=JI)
JIJ=JJI+NJ
DO & J=1sNJ
JI=JAJ+J
XJI=(X(JsLJI+X{J+1sLI) /20
' YI=(Y(JsLJ)+Y (J+1sLJ)} )72
111=0
DO 4 LI=19NO
NI=N{LI)=1
TIl=111+N1
IAl=111=NI
) DO &4 I=1,NI
I1=1Al+1
IF(I1.EQeJJ) GO TO 3
X1=XJ=X{1sL1)
X2=XJ=X(I+1sL1)
Y1=YJ=-Y{IsLI)
Y2=YJ=Y(I+1sL1)
R1=X1%X14Y1%Y1l
R2:=X2%¥X24Y2%Y2
S1=0.
52=0.
YTaY(IsL ) *X2=Y T+ oL ) #X1+YI*{X(T41sL 1) =X{ToLI))
XT=X1#X24Y1%Y2
, TETA=ATAN2(YTsXT)
! IF(ALPHA(JaLJ) «EQeUs) GO TO 2
S1=TSCO oL T24)%(1.~VeS5¥ALOGIR2/RR) 1 +U45*%ALOGIR2/R1 ) ¥ X1%TSCpl1sL]
193)4Y1#TSCD(TsLT92) )+ TETARIXI*¥TSCD{ 1oL 92)=YI*¥TSCDIT9LI93))
2 TETAL=TSCD(JsLJ91)=TSCO(IsL 1)
S2=0,5%SIN(TETAL)*ALOG(R2/R1)+COSI{IEIALI*IEIA
$3=~52
GO TO 4
2 S1=TSCD(IsL1+4)%(14~ALOGITSCD IsLI*41/24/R))
$2=-pPl
53=-pl
6 ALJIr1T)=ALPHA(JsLJ)*S1+BETAL(JsLII *S24BETA21JrLI) *53
M=0
DO 5 L=1»NO
5 M=M+N(L) -1
JJJ=0
DO 6 L=1sNO
NN=N{L)=1
JAJ=JJJ
JJIJ=JJJ4NN
DO 6 J=1»NN
JI=JAJ+d
6 BUJJ)=GAMMALJL)
CALL ARRAY (2sMsMsNAXDIMINAYDIMrAsA)
CALL SIMG{ASBIMIKS)
IF (KSeMNE«O) PRINT 100
100 FORMAT!{1HO+18HSYSTZM IS SINGULAR)
JJd=0
DO 7 L=14NO
NN=H(L) -1
JAS=IIJ
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JJIJ=JJJ+NN

DO .7 J=1sNN

JI=JAJ+J

CH{JsL)=B(JJ)

DO 8 L=1sNO

NN=N{L) -]

SCHIL)=0,

DO 8 I=1,NN
SCHIL)=SCH(L)+TSCDUIsLs4 ) %CH{I L)
IF(NX~1)1799910

DX=0+

GO TO 11
DX={XMAX=XMIN?!/FLOAT (NX-1)
IFINY-1)17512513

DY=0.

GO 7O 14

DY={YMAX~-YMIN)/FLOAT(NY-1}

DO 16 II=1sNX

XJ=XMIN+FI QAT(II=-1)%DX

DO 16 JJ=1sNY

YJ=YMIN+FLOAT(3J-1)%DY

AlTl9JJ)=0.

DO 16 LI=1sNO

NN=N(LI) -1

DO 16 I=1sNN

X1=XJ=X(IsL1)

X2=XJ=X(I+1sL])

Y1=YJ=Y{IsLI)

Y2=YJ=Y(I+1sL1)

R1=X1%#X1+Y1%Y]

R2=X2%X24+Y2%Y2

IF{{R14EQeVe}eORe(R2+EQs0.)) GO 10 15

YT=Y{IoLT)%X2=Y (T4 oL 1) % X14+YUr XTI+ 1) =ALTsL]))

XT=X1%¥X2+Y1%#Y2

TETA=ATAN2(YTsXT)

S1=TSCD{IsLI24)%¥(1.~0e5%ALOGIR2/RR) ) +U5*ALOGIR2/R1)*¥ L X1*15CDUI L]
123)+Y1%TSCDIIsLT92) )+TETA*¥(XI®ISCDTsLI®2)-Y1%15CD V]I LI*3))

GO T0 16

S1=TSCD(IsL194)%(]e-veS*¥ALOG((K1+R2)/RR))

ACTEsdd ) =A(TTsJJ)+S1%#CHITHLI)

RETURN

END

SUBROUTINE TIME(WsSsH»TsLsCH1)

DIMENSION N(3)sX(T7Vs3)2Y(T7093)2sALPHA{T7093)sBETAL(TUs3)
1BETA2(7v93) sGAMMA(TU3 ) yCHITU3) sSCHI3) 2 15CD1TU%94) sA11819181)
2A1(181,181)

REAL L

COMMON/HELP/AsAL

EQUIVALENCE (AsAl)

NO=3

N{1)=41

N(2)=70

N(3)=70

EO=1e/(4¢%3614159%2,99776%2699776E+09)

FACTOR=(]14UE=U5)%#(1,/Ye¢393700)

DELW=W/40.

DELG=(L/2¢=W/2e=5}1/39¢

DELT=T/10.
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: DELCW2=(W/2e+51/204
X(1l9l)==W/2e
. Y(1ls1)=0U,

1 o DO 26 1=11+40

4 IPl=1+1

1 X(I1P191)=X{191)+DELW

! Y{IP1s1)=Y(I91)

3 , ALPHA(I»1)=1.

| BETAlL(I»1)=0.

3 BETA2(1+1)=0,

3 26 GAMMAL(Is1)=1.
X(192)==L/2¢
Y(142)=0,

X{(1+3)=L/2¢
Y(193)=0,

. X(4092)==W/24-S

‘ . Y{40+2)=0e

1 X(50921=X(4092)

: Y{5092)=-T

: ' X(4093)=W/2e+S
Y{4093)=0e
X(5093)=X140931}
Y{50393)==i
00 27 [=1,38
IP1=1+1
XUIP192)=X{192)}+DELG
YUIP192)=Y(1+2)

. X({IP1+3)=X{1+3)~-DELG

. 27 Y(IP133)=Y(1+3)

, DO 227 1=1+9

N 1P40=1+40

' 1P40M1=1P4U-1

X{IP4092)=X{1P4UM12)
Y(IP4Uy2)=Y(IP4UM1+2)-DELT
X{IP4U»3)=X{1P4UM1s3)
227 YUIP40s3)=Y(IP4UM1+3)-DELT
DO 228 1=1920
IP50=1+50
IP50M1=1P50~1
X(1P5092)=$(IP5UM192)+DELCW2
{1P50U23=Y{IP5UM1:2)
X(IP50s3)=X(IP50M193)-DELCW2
228 Y(IP5Us3)=Y(IP5UM]113)
DO 229 1=1469
ALPHA(Is2)=10
BETA1(1s2:=0.
BETA2(192)=0Ve
GAMMA(192)=0.
ALPHA(I»3)=1.
BETAL(1»3)=0.
BETA2(1+3)=0.
229 GAMMA(193)=0.
XMIN=00
XMAX=0,
YMIN=00
YMAX=0.
NX=0
NY=0
IDIM=T70
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. R=1.0E+05

NAXDIM=181

NAYDIM=181

CALL LPLACE(NOaN.x:Y.ALPHA»BETAIoBETAZ.GAMMA,CH,bCHoIDIM.R’leDo

1XMIN$XMAX0NX’YMIN9YMAXoNYoNAXDIMoNAYDIM)

CH1=SCH{1)%642831852%EV

RETURN

END

SUBROUTINE LPLACE(NO'NOX’YoALPHAtBEIAloBElAZ’GAMMA’CHrbCHvIDIMtRo
' 1 TSCDYXMIN»XMAXsNX»YMIN» YMAXoNYsNAXDIMINAYDIM)

DIMENSION X(lDIMvNO)aY(IDIMvNO)oALPHAtIDlM’NO)’BEIAIRIDIM9N0)’
185TA2(IDIMoN0)oGAMMA(IDIM9N0)»CH(IDIM’NO)'ISCD£IDIM0NO'4J9N\NO):
2A(1815181)+SCHINO)»8(180)5A1(1815181)

COMMON/HELP/A Al

EQUIVALENCE(AsAL)

P1=3.1415926
: RR=R¥*R
E .+ DO 1 L=1,NO
NN=R(L) =]

DO 1 I=)sNN
X1=X{I+1sL)=X{1sL}
YI=Y(I+1lsL)=Y{IsL)
X TSCD(IsL»1)sATAN2(Y I X1)
i ¢ TSCD(19L92)=SINITSCD(TsL91))
3 TSCD(IsL 933 =COS(TSCOtInt 91))
- 1 TSCD( oL 94 ) =SQRTIXIXXI4+YI*Y])
ko JJJ=0
DO 4 LJ=19NO
NJ=N(LJ) -1
JAJI=JJJ
JJJ2dJJ+NJ
00U 4 J=1,.NJ
JJ=JAJ+J
XJ2 (XL M) +X0I21 9L 13) /2
YJs Y (I )Y (U+1sLU) )/ 20
I11=0
DO 4 LI=1»NO
NI=N(LI)=-1
11i=111+NI
IAI=111~=NI
DO 4 I=1,sNI
I1=1A1+1
IF{11+EQedJ) GO TO 3
X1=XJ=X(1sL1)
X2=XJ=X(J+1LI)
Yi=YJ=Y(1sLI)
Y2=yJ-Y(I+1sL1)
R1=X1%X1+Y1%Y]
R2=X2%X24(2%Y2
51=0.
5220
YT=Y(I’L1)*XZ-Y(I+1,LI)*X1+YJ*(X(I+1»LI)~xll’Ll))
XT=X1%X2+Y1%Y2
TETA=ATANZIYT9X1)
1IF(ALPHA(J9LJ) «EQeVUs) GO TO 2
slgrsco(1,LI,4)*(1.-0.5*ALOG(R2/RR))+U.5*ALOG(R2/K1)*(KI*IDCD(l'Li
1’37+V1*TSCD(I’L1’2))+TETA*(X1*T5CD(I»LI’2)—Y1*|DCDtI»LI’3))
2 TETAL=TSCD(JsLJI9 1) =TSCDIIsL I 1) )
'52=0.5*51N(TETAI)*ALOG(RZ/R1)+C06(IEIAI’*IEIA

75

o

Tl i Wt B e




100

10
11

12

13
14

B.E. SPIELMAN

53=-82

GO TO 4
S51=TSCO(TsLT9s4)%{14-ALOGLTSCD IsLIIA)/2e/R)
S2=-pl

53=-pP1l

AUJIs TT 1 =ALPHALJ s LI XS14+BETAL (U LJ) #H24+BETAZ (JsLJ ) %#S3
M=0

DO 5 L=1,NO

M=M+N(L) =1

JJJ=0

DO 6 L=1:NO

NN=N(L)~]1

JAd=9JJ

JJIJI=JJJ+NN

DO 6 J=1»NN

JJ=JAJ+)

B(JJ)=GAMMA(J>sL)

CALL ARRAY (2sMsMaNAXDIMINAYDIMyA»A)
CALL SIMQ{A»3IMIKS)

IF (KS«NELOjJ PRINT juv

FORMAT{IHO »18HSYSTEM IS SINGULAR)
JJIJ=0

DO 7 L=1sNO

NN=N(L) =1

JA=JJJ

JJJI=JJII+NN

DO 7 J=1yNN

JI=JAd+)

CHUJLY=B(JJ)

DO 8 L=1yNO

NN=N(L}=~1

SCH(L)=u,

DU 8 I=14NN
SCHALI=SCHIL)+TSCO(IsL 94 ) *CR({sL)
IFINX=1)1T799910

DX=0.

GO TO 11

DA= ( XMAX~XMIN) /FLOAT(NX~1)
IFINY~1)17+12513

DY=0,

GO TO 14

DY={ YMAX~YMIN) /FLOAT{NY~1}
D0 16 11=1sNX
XJI=XMIN+FLOAT(II~1)%DX

DO 16 JJ=19NY
YS=YMIN4FLOAT(JJ~11%DY

AlI15JJ) =0,
DO 16 LI=1»NC
NN=N{LI}~1

DO 16 I=1sNN

X1=XJ=X{IsL])

X2=XJ=X(I+1sL 1)

Yi=YJ=Y(Is 1)

Y2=YJ=~Y(1+1sL1})

K1=X1%X14+Y1%Y]1

R2=X2%XZ+Y2%*Y2

IF{(R14EQeOe ) eORe{R2eEWeUe)) LU U 1>

YTaY{IsL D) X2=Y {141 oL I} aX 4 Yua (Xt i+ oL I)-AL]s]))
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. XT=X1%X2+Y1%*Y2
TETA=ATAN2(YTsXT)
$1=TSCD(I'LI’Q)*(l.-O.S*ALOG(RZIRR))+0.5*ALOG(R2/R1)*(Xl*TbCD(I’LX

1'3)¢Y1*T5CD(I’LI'2))+TETA*(X1*TSCD(IOLI'ZI-Yl*leD(I’LIS3!)
GO TO 16
15 S1=T7SCOUIsLI94)%(1.~0,5%ALOG((R1+R2)/RR))
16 ACTTsJd)=A(T19JJ)+S1*¥CH(]IHL])
17 RETURN
END
SUBROUTINE ARRAY (MODEs[sJoN»Ms5sD)
DIMENSION S(1)sD( 1)}
NI=N-1
IF(MODE=-1) 100+100,12v
100 IJ=1%d+1
NM=N*J+}
DO 11U K=1yJ
NM=NM-N1
DO 110 L=1,1
1J=1J-1
NM=NM-1
! 110 D(NM)=S(T1J)
GO TO 140
120 1J=0
NM=0
DO 130 K=1+J
DO 125 L=1yl
1y=1J+1
NM=NM+1
125 S(1JY=D(NM)
130 NM=NM+NI
14y RETURN
END
SUBROUTINE SIMQ(A»BNIKS)
DIMENSION A(1)sB(1)
TOL=0.0
KS=0
JJ==N
DO 65 J=1sN
JY=J+1
JJ=II+N+]
BIGA=U.
IT=yJ=J
DO 30 i=JsN
1J=1T+1
IF(ABSI{BIGAI-ABS(A(IJ))) 2Us30+30
20 BIGA=AI1Y)
) IMAX=1
30 CONTINUE
IF(ABS(BIGA)-TOL) 35935,40
35 KS=1
RETURN
40 Il1=J+N*(J=2)
IT=IMAX=J
DO 50 K=JsN
11=11+N
12=11+1T
SAVE=A(11)
AlLIT)=A(12)
A(I12)=SAVE
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Al11)=A(11)/BIGA
SAVE=B{ IMAX)
BlLIMAX)=B(J)
B(J)=SAVE/BIGA

IF{J=N) 55270455
1QS=N*(J~1)

DO 65 IX=JYsN
IXJ=1Q5+1IX

IT=J~1X

DO 60 JX=JYsN
IXJX=N*{JX=-1)+1X
JIX=IXIX+IT

AUIXIX) =AIXIX) = (AL TXIY XA (IIX))
BLIX)=B!1X)={B(J)*ALIXJ))
NY=N=-1

I'T=N*N

CO 80 J=1sNY

IA=1T=J

IB=N-J

1C=N

DO 80 K=1»J
B(IB)=B(IB)-A(TA)*B(IC)
IA=1A-N

1C=1C~1

RETURN

END
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LISTING OF PROGRAM LEMDOC
PROGRAM LEMDOC
REAL L
- READ 1» NSETS
FORMAT(:10)
DO 2 MN=1sNSETS
READ 3sWsSsTrHILIERITAND1»SIGMA
3 FORMAT(8F10.6)
TAND1=TAND1*1eE=~u4
SIGMA=SIGMAX1E+07
PRINT 8 )
8 FORMAT(1H o////1H »*STRIP METALIZATION THICKNESS = 250 MICROINCHES
1%)
PRINT 4sWsSsToHsL sER» TAND] 9 SIGMA
) 4 FORMAT(1HO 9 2HW=9F54193X92HS=9F5e193X92HT=»
5 1F5e¢193X92HH=9F54153X92HL=3F10s613X9s3HER=9F104693X>
3 : 26HTAND1=9E1U+3393X96HSIGMA=sEL1V3)
FACTOR={1+UE-05)%(14/04393700)
W=WxFACTOR
S=S5*FACTOR
T=T*FACTOR
H=H*FACTOR
L=L*¥FACTOR*(1.E+03)
E1=ER
E2=ER+U,01*ER
CALL MSCUPF(W3SsTHsHyL»EL1sSIGMASCOCE»PDDSQOPDDSQE)
PDDSFO=PDDSQO
PDDSFE=PDDSQE
CALL MICUPF(WsSesTaHILIEZ 9SIGMAICOFsCEPsPDDSWOPDDSWE)
CALL MSCUPE(Ws»SeTsHyLsEL1sCLOCEE)
AE=CE*CEE
AO=CO*CEQ
BE~CEE/CE
BO=CEO/CO
ZOF=1e/((34UE+UB)}%SQRT(AL))
20021/ {{3.0E+uB)%SGRTIAD))
AA=Z0L200
ZO=SQRT (AA)
VE=3,VE+08%*SuRT (BE)
VO=3,0E+08%#SQRT (BO)
VAVG=(VE+V0) /2>
RHO=Z0E /200
C={(RHO-14)/ (RHO+14)
CDB..~20.%ALOG10(C}
ARGlE=BE
ARG10=BO
ARG2E=CEE/CEP
ARG20=CEQ/30P
ERLIE=1+/ARG1E
ER10=1./ARG10
ER2E=1+/ARG2E
ER20=1./AR0G20
FACTC=10,4/2¢3
FACTD=2T743/3+E408
ACE=FACTC*PDDSFE*ER1E*20E
ACO=FACTC*PDDSFOXER10%Z200
ADE=FACTD*(E1/SQRT(ERLEY ) ¥ (ER2E~ER1E)/(E2~E11)*TAND]
s ADO=FACTD*(E1/SQRT{ERLO} ) ¥ { {ER20~ER1I0)/(E2~E1) ) *¥TAND
PRINT 5
5 FdRMAT(lHO’IX’SHC(DB)73X98HZO(OHM$,’2X’9HZOO‘OHMS)’AK’

s
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' 19HLOE (QOHMS) 95X 99HVO(M/SEC) s5X 2 9HVE (M/SEC) 95X »
211HVAVG(M/SEC))

PRINT 69CDB2205sZ009sZ0E»VO*VE»VAVG
6 FORMAT(IH 9F5e295X7F6e¢295X9F6e295X9F6e295X3E104395X9E1043
15X9E1043)
PRINT 7
7 FORMAT{ 1HU s 2UHALFACOIDB/M)/3QRTIF) 95X s 20HALFACE(DB/M)/SQRT(F ) 95X
114HALFADO(DB/M) /F 95X 14HALFADE(DB/M) /F)
PRINT 8sACO»ACE»ADO+ADE
8 FORMAT(1H #5X9E1U.3515X9E10e3912X9E10.399X+E10,3)
2 CONTINUE
STOoP
END
SUBROUT INE MSCUPF(wsS»ToHILIERISIGMAYCOCEyPDDSQ0 s PODSQE )
DIMENSION N(6)sX(4696)9Y(4696)sALPHA(4626)'BETALI4696) s
1BETA2(4636) sGAMMA(4636) 2»CHI4696) sSCHIB) 9 TSCD(462694)9A(1819181)»
2A1(132,132)
REAL L
COMMON/HELP/A»AL
EQUIVALENCE(AsAL)
NO=6
- N{1)=43
N(2)=43
N{3)=46
N{4)=13
N(5)=13
N(6)=23
EC=14/(44%3014159%2,9YTT6%¥2e9Y7TT6E+CY)
AAA=3014159%4L—0T7%#3,14159/5]10MA
RDSQF=SQRT(AAA)
FACTN=44%3e14159%3414159%RDSQF %84 85E~12
FACTD=4+%3e14159%1E~VUT
FACTL=FACTN/FACTD
, FACTOR={14VE=U5)#(1,/ve3937V0)
DE'.W=W/20.
E=ER*EQ
X(191)==(5/24)-W
Y({1sl)=H
X{192)==X(15s1)
Y{1s2)=H
DO 26 l=1y20
IP1=1+1
XUIP1s1)=X(1»1)+DELW
Y(IPlsl)=H
XUIP1s2)=X(1s2V~-DELW
26 Y(IPls2Z)=H
X(2291)=X{21s1)
Y(2251)=0,25%FACTOR+H
X(22921=X(2142)
Y(2292)=Y(2241)
DO 27 1=322+41
IP1=1+1
X(IP1-1)=X{191)~DELW
Y(IPLlsl)=Y(191)
XOIP192)=X{192)+DELW
27 Y(IP192)=Y(192)
X(4391)=X(191)
Y(4391)=Y(191)
X(4392)=X(142)
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Y(4342)=Y(192)
DELL=L/45,
X(1e3)==L/2.
Y(1y3)=U,
DO 28 I=1445
IP1=1+1
X(IP193)=X(193})+DELL
28 Y(IP1s3)=0e
DELH=H/ 2.
X(194)=X(193)
Y{1le4)=U,
X(Ps5)=L/2
Y{14+5)=0,
DO 29 I=1,2
IPL=1+1
X(IFle4)=X{1s4)
Y(IP1s4)=Y(I9+4)+DELH
X{IP195)=X(195)
29 Y{IP1+5)=Y(I+5)}+DELH
DEL=(L/2e=(5/2¢+W) ) /1ve
DO 30 I=3,12
IPl=1+1
XUIP194)=X(194)+DEL
Y(IPls4)=H
X(IP195)=X{1s5)=-DEL
30 Y(IP1s5)=H
X{196)==5/2e~1
Y(196)=H+0«25%FACTOR
X(2196)=5/2e+V
Y(21+6)=Y(196)+T
DELT=T/?O
DO 31 I=1s2
IPl=1+1
1P21=1+21
1P21M1=1P21~1
X{IP1+6)=X{1+6)
Y{IP196)=Y(196)+DELT
X{IP2196)=X{1P21M116)
31 Y(IP21+6)=Y(IP21M1+6)-DELT
DELOV=(2#W+5) /18,
00 32 1=3420
IPl=1+1
X(IP196)=X(196)+DELOV
32 Y(IP196)=Y(146)
00 47 LLL=1s2
IF(KKK=0) 38937438
C OopD MODE
37 CONTINUE
DO 332 J=1s2
DO 33 I=1+42
ALPHA(I»J)=1.
BETAL(Isj)=Ue
BETA2{(19J)=0e
GO TO (34935)J
34 GAMMA(IsJ)=1,
GO TO 33
35 GAMMA(IsJ)=~1.
33 CONTINUE
332 CONTINUE
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. KKK=KKK+1
GO TO 39
C  EVEN MODE
38 CONTINUE
. DO 40 J=112
DO 41 I=142
i ALPHA(I,J)=14
. BETAL(I»J)=04
BETA2(19J) =04

42 GAMMA(I»J)=1.

41 CONTINUE

40 CONTINUE

39 CONTINVE

. DO 36 [=145

] ALPHAlIs3)=1.

\ BETA1{1+3)=0.

BETA2(1+3)=0,

i 26 GAMMALI+31=0,

' DO 45 [=1912
ALPHA(I54)=0,
BETAY(1s4)=E
BETA2(1y4)=E0
GAMMA( I 24)=C.
ALPHA(155)=0,
BETAL(I5)=Eu
BETA2(1+5)=E

45 GAMMALI»5)=U.

DO 46 1=1122
ALPHA(1361=0,
BETA1(1s6)=E
BETA2(156)=E0

46 GAMMA(16)=U.

XMIN=0.

XMAX=U.

YMIN=U,

YMAX=0.

NX=0

NY=0

IDIM=46

R=1.0E+U5

NAXDIM=181

NAYDIM=181

CALL LPLACF(NOINXsYsALPHAYBETALIBETAZ2sGAMMASCHIOCH» IDIMIR»TSCD»
IXMIN s XMAKXsNX s YMINs YMAX oY s NAXDIMoNAYD IM)
DELF=W/70.

DELE=0.25%FACTOR

FF1=642831852%EXDELF
FF2=6+2831852%E*DELE
FF4=z6.2831852%E0*DELE

CHRG=00

DO 50 I=1s20

50 CHRG=CHRG+FF1*CH{I»1)
DO 51 1=22s41

51 CHRG=CHRG+FF1#CH(Is1)
CHRG=CHRG+ (FF2%CH{21s 1) +FF4*CH(4231))
SUM=0,

DO 64 J=1sNO
IF(ALPHA{1sJ) eNEsls) GO TO 64
NJ1=N(J)=1
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DO 65 I=1sNJ1

IP1=1+1

SEGX=X(IPlsJ)=X(]+J)
SEGY=Y(IPlsJ)=Y(1sJ)
SEGARG=SEGX*SEGX+SEGYX*SEGY
SEGLEN=SQRT {SEGARG)
SUM=SUM+CH( T 9J)*CH(I+J) *SEGLEN
CONTINUE

PDDSQF=FACTL*SUM
IF(GAMMA(192)=1¢) 10VU15»100051001
PDDSQO=PDDSQF

CO=CHRG

GO TO 47

PDDSQE=PDDSQF

CE=CHROG

CONTINUVE

CONTINUE

RETURN

END

SUBROUTINE LPLACF{(NONsXsYsALPHAYBETA1'BETA29sGAMMASCHYSCHs IDIMIR»
1 TSCDsXMIN»XMAXsNXsYMINsYMAX sNY sNAXDIMINAYDIM)
DIMENSION X(lDlMoNO):Y(IDIM,NO)aALPHA(IDIM»NO),BETAl(lDlMgNU)’
1BETA2{IDIM2NO) yGAMMALIDIMINO) »CHUTDIMINO) s TSCOUIDIMINO 94 ) sNINO) »
2A01815181) sSCHINO) »8(175)9A1(1325132)
COMMON/HELP/AsAlL

EQUIVALENCE (A»Al)

F1=341415926

RR=R*R

DO 1 L=1,NO

NN=N(L) =1

DO 1 I=1{sNN

XI=X(I+1sL)=X(1sL)
YE=Y(I+1,L)=Y(lsL)
TSCO(1sL s 1) =ATANZ(Y19X]1)
TSCD(IsL92)=SINITSCD(IsL 1))
TSCD(IsL93)=COSITSCD(IsL 1))
TSCD(IsL 94 ) =SORT(XI#XI+YI*Y])
JJJ=0

DO 4 LJ=15NO

NJ=N(LJ})=1

JAJ=JJJ

JJJ=JJJI+NJ

DO 4 J=1ysNJ

JJI=JAI+S

XJI= X s LIV +X(J+1oLU) )/ 20
YJ=(Y(JsLJ)+Y(J+1yLU) /20

111=0

DO 4 LI=1sNO

NI=N(LI)=1

111=1114NI

1AI=111~NI

DO ¢ I=1yNI

I1=1AI+1

IF(I1eEQeJJ) GO TO 3
X1=XJ=X(1sL1)

X2=XJ=X(1+1sL1)

Y1sYJd=Y(IsLI)

Y2=zYJ=-Y{I+1sLI)

R1=X1#X1+Y1%Y1l

83

a erilern % ] - -
A B - - -t o T Lopep——h
“ v Wb‘A RN z " —




B.E. SPIELMAN

R2=X2%X2+Y2*Y2
S1=0.
52=00
YT=Y (Il 1) #X2=Y T4 sLI)¥X1+YIR(X{TI4+2oLI)=XU1oL]))
XT=X1%X2+Y1%*Y2
TETA=ATANZ2(YT s XT)
IF(ALPHA(JsLJ) «EQs0s) GO TO 2
S1=TSCD(I+L194)%(14=Ue5%ALOGIR2/RR) ) +V¢5*%ALOGIR2/R1)#(X1%TSCD(IsL1
193)4Y1¥TSCO(T LI 92) )+TETAX(X1*¥TSCO(IsLI»2)~Y1I%TSCO(IsLI3))
2 TETAL1=TSCD(JoLJ91)=TSCD(1IsL191)
52=0,5%*SIN(TETA1)*ALOG(R2/R1)+COSITETAL)*TETA
$3=-82
GO TO &
3 S1=TSCO(IsLI94)%(1.~ALOG(TSCD(IILI4)/24/R) )
S52=~P1
$3==~pP1l
4 ALJIr 1) =ALPHA(J LU I *S14BETAL(JsLJ)*S2+BETAZ(J9LJ) %53
M=0
DO 5 L=19NO
5 M=M+N(L)-1
JJIJ=0
DO 6 L=1sNO
NN=N(L) =1
JAJ=JJJ
JIJI=JJJ+NN
DO 6 J=1,4NN
JJd=JAJ+J
6 BlJJ)=GAMMA(JsL)
CALL ARRAY{2sMsMyNAXDIMINAYDIMIASA)
CALL SIMQ(ASBIMIKS)
IF (KSeNE«V) PRINT luv
1U0 FORMAT(1HO»18HSYSTEM IS SINGULAR)
JJJ=0
DO 7 L=1sNO
NN=NI(L) =1
JAI=JJIJ
JJIJI=JJJI+NN
DO 7 J=1,NN
JI=JAJ+J
7 CHUUsLI=B(JJ)
DO 8 L=13yNO
NN=N(L)}~1
SCH(L)=UO
DO 8 I=14NN .
8 SCH(L)=SCH(L)+TSCD{IsL 24 )%XH{TsL)
IFINX-1)1759910U
9 DX=0.
GO 70 11
10 DX={(XMAX~XMIN}/FLOAT(NX~1)
11 IFINY=1117912+13

12 DY=0.
GO T0 14
13 DY=(YMAX-YMIN)/FLOAT(NY~1)
14 DO 16 1I=1sNX
XJ=XMIN+FLOAT(II~1)%DX
DO 16 JJ=1sNY
YJ=YMIN+FLOAT (JJ=1)%DY
AlIIy»JJ)=0,
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0O 16 LI=1,NO
NN=N{LI)=1
DO 16 I=1»NN
X1=Xg=X{1sL])
X2=XJ=X{1+1sL1)
Y1=YJ-Y{IsL1)
Y2=YJ=Y(+1sL1)
R1=X1%#X14Y1*Y1
R2=X2%X2+Y2%Y2
IF{{R1eEQeVe) eORs (R2.EQ.V,)) GO TO 15
YT=Y(ToLT)%X2=Y (T +1 oL 1) ¥X2+YIRIXUI+1oLT I =X(ToL D))
XT=X1#X2+Y1#Y2
TETA=ATAN2{YTsXT)
51=TSCO(TsLI94)%{1e=0e5%ALOGIR2/RR) ) +0.5%ALOGIR2/R1)+{X1*TSCD(IsLI
193)4Y1*TSCOU LTI 02) )+TETAX(XIXTSCD(IsLI92)=Y1I*TSCD(IsLI*3})
GO TO 16
15 S1=TSCO(IsLI94)%(1e=0e5%ALOGE (R1+R2)/RR))
16 ALTT9JJI)=ACTITsJJ)+S1¥CHIIsL])
17 RETURN
END
SUBROUTINE MSCUPE(WsSsToHsLIERICEQ»CEE)
DIMENSION N(3)sX(4693)Y(4633)2ALPHAL4693) sBETAL1(4693)
1BETA2(4693) »GAMMAL4623) sCHIL693) 9SCHI3) »TSCD(469394) 9411812181 )
2A1(132+132)
COMMON/HELP/AsAL
EQUIVALENCE (AsAl)
REAL L
EU=1e/(4e%3e14159%2,99776%2499TTO6E+09)
FACTOR=(14,UE~U5)4(14/Ve393TU0)
NO=3
N(1)=43
N(2)1=43
N(3)=46
KKK=0
DELW=W/20,
E=ER*EQ
X{191)=~(5/24)-%
Y{1s1)=H
X(192)=-X{191)
Y(1s2)=H
DO 26 [=1,20
IP1=1+1
XCIPL91)=X(1»1)+DELW
Y(IPlsl)=H
X(IPLly2)=X({192)=DELYW
26 Y(IP1r2)=H
X(2251)=X(2152)
Y(2291)=0s25%FACTOR+H
X(2292)=X{21+2)
Y{(2222)=2Y(2291)
DO 27 [=22s41
1IPl=1+1
X(IP1s1)=X(Is1)=DELW
Y(IP1s1)=Y(Is1)
XUIP1+2)=X(1+2)+DELW
27 YUIP1s2)=Y([s2)
X(4351)=X{191)
Y{46351)=Y{(111)
X(4352)=X{192)

" e




C

Y(4392)=Y(192)
DELL=L/45,
X{133)==L/2
Y(1y3)=U,
DO 28 I=1145
IP1=1+1
X{1P13)=X(I1+3)+DELL
28 YUIP1s3)=0U,
DO 47 LLL=1s2
IF(KKK=U) 38437438
0pD MODE
37 CONTINUE
D0 332 J=1y2
D0 33 I=1s42
ALPHA(1sJ)=1.
BETAL(IsJ)=U.
BETA2(14+J)=0.
GO TO (34135)sJ
34 GAMMALI»J) =1,
GO TO 33
35 GAMMA(lsJ)=~1.
33 CONTINUE

332 CONTINVE

KKK=KKK+1
GO TO 39
EVEN MODE

38 CONMTINVE
DO 40 J=1s2
DO 41 I=1s42
ALPHAl{I»J) =1,
BETA1(I5J)=0,
BETA2(1sJ)=U,

42 GAMMAlT»J)=1.

41 CONTINUE

40 CONTINVE

39 CONTINUE
DO 36 1=1445
ALPHA(I»3)=1,
BETAL(12)=0,
BETA2(1s3)=0.

36 GAMMA(I+3)=0.
XMIN=0.
XMAX=0,
YMIN=0,.
YMAX=0,
NX=0
NY=0
IDIM=46
R=1,0E+05
NAXDIM=132
NAYDIM=1132
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CALL LPLACE(NOsNsXsYsALPHASHETALSBETA25GAMMAICH »SCHa IDIMIR»TSCD
IXMIN s XMAXsNX s YMIN s YMAXINY s NAXDIMsNAYD IM)

IF (LLL.EQe2) GO TO 5v
CED=2¢%3¢14159%84855E~12%SCH{ 1)
GO TO 47
50 CEE=2e%3414159%84855E~12+*5CH(1)
47 CONTINUE
RETURN
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END
SUBROUTINE LPLACE(NOsSN»X»YsALPHASBETA1'BETA2sGAMMASCHsSCH» IDIMIR Y
1TSCDsXMIN» XMAX sNX s YMIN » YMAXSNY s NAXDIMINAYDIM)
DIMENSION XUIDIMsNO}sY{IDIMINO) sALPHA(IDIMINO) 9BETAL(IDIMINO) »
1BETA2(IDIMsNO) »GAMMACIDIMINO) »CHUIDIMINO) s TSCOUIDIMINO 24 )9 NINO) »
2A1101325132) 2SCHIN?) s8(129) 9401819181
COMMON/HELP/ASAL
EQUIVALENCE (AsAl:r
P1=341415926
RR=R*R
DO 1 L=1,NO
NN=N(L}=1
DO 1 I=1yNN
XI=X(I+1yL)=X(1sL)
YI=Y(I4+1sL)=Y(Ist)
TSCD(IsL L) =ATAN2(YIsXI)
TSCO(IsLs2)=SIN(TSCD{IsLs1))
TSCO(I»L+3)=COSITSCD(IsL 1))
1 TSCD{IsLs&4)=SQRT{XI*XI+YI*Y])
JJJ=0
DO 4 LJ=19NO
NJ=N(LJ) -1
JAI=JJJ
JJIJI=JII+NJ
DO 4 J=1,yNJ
JJ=JAJ+J
XI= (X{JrLJI)+X(J+19LU) )/ 2
YId=(Y{JoLJ)+Y(J+19LU) )/ 20
I11=0
DO 4 LI=1s5NO
NI=N(LI)-1
ITI=1114NI
IAI=111~NI
DO 4 I=1,4NI
1I=1A1+1
IF(I1«EQaJJ) GO TO 3
X1=XJ=X{1sL1)
X2=xJ=X(1+1sLLI)
Yi=YJ=Y(IsL1})
Y2=YJ=-Y(J+1sL1)
R1=X1#X1+Y1%*Y]
R2=X2¥X2+Y2%Y2
51=0,
$2=0.
YT=Y(IsLT)%X2=Y (I 41 oL I)¥X1+YI*¥{X(I+1LE)=X(IsLI))
XT=X1%#X2+Y1%Y2
TETA=ATANZ2(YT o XT)
IF(ALPHA(JILJ) «EQeUs) GO TO 2
S1=TSCD(TsL114)%(1e=~0s5%ALOG(R2/RR) ) +0¢5%ALOG(R2/RII*(X1%TSCD(IL1
193)+Y1*#TSCO(T LT 92) ) +TETA* (X1RTSCDL oL I 92)=YI*TSCD(IsLI»3))
2 TETA1=TSCD(JsLJ21)=TSCD(IsLI91)
S52=0,5*SIN(TETA1)*ALOG(R2/R1)+COS{TETAL)*TETA
S53=-52
GO TO 4
3 S1=TSCD(IsL14)%(14—ALOGITSCD I ILI4)/24/R))
$2=~P1
$3=~pl
4 ALUJSy 1T =ALPHA(JYLU)*ST14+BETALIJILII*S24BETA2(JsLJU) %583
M=0
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DO 5 L=1yNO
5 M=M+N(L) =1
JJJ=0
DO 6 L=14NO
NN=N{L) =1
JAJ=JJJ
JJIJI=IJI+NN
DO 6 J=1sNN
JJI=JAI+HI
6 BlJJ)=GAMMA (JsL)
CALL ARRAY(2sMsMsNAXDIMINAYDIMIAYI2AL)
CALL SIMQ(Al1sBeMIKS)
IF {KSJNE.U) PRINT 10U
100 FORMAT(1HO»18HSYSTEM IS5 SINGULAR)
JJJ=0
00 7 L=1,NO
NN=N(L) -]
JAJ=JIJ
JIJ=JJI+NN
DO 7 J=1sNN
JI=JAI+J
7 CH{JsL)=B(JJ)
DO 8 L=1sNO
NN=N(L)=]
SCHi{Li=ve
DO 8 I=1,NN
8 SCHUIL)=SCHIL)+TSCD{ I oL 94 ) *CHI T sL)
IFINX=1)1759s1v
9 DX=0.
GO TO 11
10 DX=(XMAX-XMIN)/FLOAT(NX-1)
11 IF{NY=-1)17»12513
12 DY=0,
GO TO 14
13 PY={YMAX=YMIN)/FLOAT(NY=1)
14 DO 16 1I=1»NX
XJ=XMIN+FLOAT(I1-1)%#0X
DO 16 JJ=1sNY
YJ=YMIN+FLOAT(JJ-1) ¥DY
Al1LTIsJ2)=0,
DO 16 LI=1sNO
NN=N(LI)-1
DO 16 I=1NN
X1=XJ=X(I>L1)
X2=XJ=X{1+1,L1)
Y1=YJ=-Y(IsLI)
Y2=YJ=-Y(I+1sL1)
R1=X1%#X1+Y1*Y:
R2=X2*#X24Y2%Y2
IF((R1¢EQeVs}eORe [R2.EQe0s)) GO TO 15
YT=Y{IoL 1) #X2=Y (T4 sL T *X1+YIH(X{I+1oL)=X{IoL1))
XT=X1%#X2+Y1%Y2
TETA=SATAN2(YTsXT)
S1=2TSCD(1sLI194)%(1e=045%ALOGIR2/RR) 1+0,5%ALOG(R2/R1)# (X1¥TSCD(IsL1
19314 Y1XTSCNITI LT 92) )+ TETARIX1#TSCOITsLT22)=YI#TSCDO(IsLI93))
GO TO 16
15 S1=TSCDO(IsLIs4)%(1e=UeS*ALOG( LR1+R2)/KRR))
16 AL(T1199J1=A1(T19JJ)+51%CH(TsLT)
17 RETURN .
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110
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30
35

40

50
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END

SUBROUTINE ARRAY (MODE»13JsNiMs59+D)
DIMENSION S{1)sD(1)
NI=N~-I

IF (MCDE=1) 10U»1009120
[J=1%J+1

NM=N#®J+1

DO 110 K=lsJ
NM=NM=-N1J

DO 11U L=1»s!
1J=1J~1

NM=NM~-1

DINM)=S(1J)

GO TO 140

[J=0

NM=0

DO 130 K=1l»J

DO 125 L=1sl
JJd=1J+1

NM=NM+1

S{1J)=D(NM)
NM=NM+NI

RETURN

END

SUBROUTINE SIMQ{A»BsINsKS)
DIMENSION All}sB8(1)
TOL=0¢0

KS=0

JJ==N

DO 65 J=1sN

JY=J+1

JJ=JJ+N+1

BIGA=0.

1T=dJd-J

00 30 I=JsN

To=1T4+]

1F (ABS{OIGA)-ABS{ALIJ)}) 2Us3U»3V
BIGA=AL1U}

IMAX=1

CONT INUE
IF(ARS(BIGA)-TOL) 35935940
KS=1

RETURN

11=J+N*(J-2)
IT=IMAX=J

DO 50 K=JsN

I1=11+N

12=11+1T

SAVE=A(11)
AlI1)=A(]2)
A(12)=SAVE
A(111=A(11)/BIGA
SAVE=B({IMAX}

B IMAX)=B(J)
B(J)=5AVE/BIGA
IF(J=N) 55570955
1QS=N*¥{(J-1)

DO 65 IX=JYs»N
IXJ=1Q5+1X
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1T=J-1X

DO 69 JX=JYsN
IXJX=N*{JX=1)+1X
JIR=IXIXHIT
ALIXIX)=ACIXIX)=(ALIXI) ®ALJIX) )
BLIX)=BLIX)=(B{JIRACIXI)]
NY=N-1

IT=N*N

DO 20 J=1»NY

1A=1T=-J

IB=N=J

I1C=N

DO 80 K=1sJ
8(18)=B(18)~A(IA)*B(IC)
IA=]1A=-N

IC=1C~-1

RETURN

END
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Appendix F
IMPEDANCE APPROXIMATION FOR LOW-LOSS TRANSMISSION LINES
To show how the characteristic impedance of a low-loss uniform transmission line

depends on the loss coefficients, consider the following. The characieristic impedance of
such a line, represented in terms of the so-called primary constants ®, L, C, and G, is

R + JwL
Z -" G +juC (F1)
or
(F2)
where
i
(Zo)r =1/‘% . (F3)

(Zo)rL is the characteristic impedance of the lossless line with primary constants L and
C. Equation (F2) can be approximated by

/1-' B__.
2wk

Zo= Ly \—= | (F4)
0 0/LL 17 G
2wC

provided R < wL and G € wC. By simple algebraic manipulation Z; in Eq. (F4) can be
written as

Zy = (Zy)LL \___EL_L_ , (F5)

where
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where
ay = Sy/fL
d 2 C 3
and

Bz = w]/ITC .

To see the effect of this representation, consider Eq, (5) from the main text:

— 1V, 12
P; = (Re Z;) e 20z
12,12
From Eq. (F5), Re Z; can be expressed as
1+ acozd

Re Zy = (Zg)y, _

(F7)

(F8)

\F9)

(F10)

To assess the significance of the bracketed factor, consider the following example using
microstrip parameters. Let o, = 0.215, oy = 0.132, and f;; = $2.36, corresponding to
an operating frequency of 1.0 GHz. For this case the bracketed factor in Eq. (F10} has
a value of 1.000004 =~ 1.00. At f =100 GHz the bracketed factor is again approximately

1.00. Hence the approximation
Re Zy ~ (Zo)yr
is quite adequate for most design purposes. Similarly

iZO! = (Zo)LL.
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Appendix G
DERIVATION OF EQ. (23)
The derivation of Eq. (23) given here is simiiar to that given in Ref. 11. Consider a

transmission line composed of N, conductors and N different homogeneous dielectric
regions. The total time-averaged energy stored the electric field is given by

— 2
Wo=am [ 2 (G1)
T

where 7 is the volume obtained by taking the region enclosed by two cross sections per-
pendicular to the axis of the tranmsission line, the cross sections being separated by a unit
length. The quantities ¢ and D in Eq. (G1) are functions of position.

Consider a slight perturbation of the dielectric constant 6. Then

— 2
5%, = /DgD dr - Dg;e dr. (G2)

T T

Bquation (G2) can be rearranged using the equations

E =-V9, (G3)
V-D = p, (G4)
V(¢p6D)=~E 8D +¢Vv-dD. (GB)
Hence Eq. (G2) can be expressed as
5%, = f¢6p dr- [v(980) d7 - 112 /Ezéedr. (G6)
T T T

By use of Gauss’s theorem
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N,
fV(qsaD) dv = z o f §0'n d = - Z 4,6Q;, (GT)
i=1 i=1

where C; is the contour encircling the ith conductor and n is a unit vector normal to and
directed inward toward the conductor. For zero space charge, &p = 0. Holding the po-
tentials ¢; constant and letting de represent a perturbatlon of only ¢,, which is the dielectric
constant of the kth homogeneous dielectiic region, the following results:

NC
oW, = Z ¢ 8Q; - (1/2) / E? §g, dr, (G8)
i=1 T

where 7, is th2 volume enclosed by the kth homogeneous dielectric region. Equation (G8)
can ve reexpressed as

N,
— 86}, —
oW, = $;0Q; - ':,:.}:‘ Weks (G9)
i=1
where
W, = (1/2) / &.E2 dr. (G10)
Th
Nc
The summation % ¢; 8@; can be rewritten in terms of a coefficient of capacitance as
i=1
NC NC NC
2 4;6@; = 9:;6C; = 287, (G11)
i=1 =1  j=1

By use of Egs. (G9) with (G11) the following result is obtained:

W _ Wy

k=1,2,..,Np. G12
aGk € ’ 1,2 D ( )
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